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ABSTRACT 
Cryopreservation has been extensively used in human reproductive medicine, 
aquaculture and conservation programs for endangered species. Many studies have 
been devoted to the mechanisms of cryodamage. However, in spite of growing 
successes of cryopreservation, post-thaw recovery of reproductive and embryonic 
cells often remains poor. It is known that cryopreservation causes extensive damage 
to membrane, results in decreased metabolism of cells, and disturbs the bioenergetical 
processes of cells by damage to mitochondria. Nonetheless, it has not yet been 
identified clearly if cryopreservation causes some disruption in the genetic integrity of 
reproductive cells and the safety of this approach still needs to be confirmed. 
The present study was undertaken on the spermatozoa of weather loach (Misgurnus 
tassilis) and blastomeres cells of zebrafish (Dania rerio). It was shown that survival 
was decreased for embryos derived from spenn after cryoprotectant treatment or 
cryopreservation. Some evidence has emerged that this decrease is more likely to 
reflect some genetic instability caused by cryopreservation of sperm. The present 
study showed for the first time that the DNA repair system of oocytes was activated 
after fertilisation with cryopreserved spenn. The effect of DNA repair system was 
also studied. It was found that incubation of fertilised eggs in caffeine could reverse 
the detrimental effects of cryopreservation of loach sperm on subsequent embryo 
development. On the other hand incubation of fertilised eggs with 3-aminobenzamide 
- inhibitor of the poly (ADP-ribose) polymerase (PARP)- brought further decrease in 
the survival of embryos derived from cryopreserved sperm. The effect of individual 
donors of sperm and eggs on overall embryo survival was also studied and these 
investigations revealed significant differences between different donors. 
Effect of cryopreservation on zebrafish blastomeres was studied at the DNA 
molecular level. Mitochondrial DNA was sequenced after cryopreservation and 
increased level of frequency of the mutation was observed. This finding showed that 
cryopreservation might potentially increase the instability of mtDNA genome. The 
significance of these changes on the subsequent function of the cells is to be 
elucidated. Meanwhile this study suggests that it is important to be cautious in making 
judgements on the safety ofcryopreservation techniques in reproduction. 
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Chapter 1: Introduction 
1.1. The importance of cryopreservation of spem1, oocytes and embryos 
Over the last 50 years the field of cryobiology has undergone a tremendous 
advancement. This trend continues, with new techniques being developed at a rapid 
pace that cumulatively provide critical new opportunities to address issues in 
cryobiology in humans and animals. In the context of the cryobiology of reproductive 
cells (i.e., spermatozoa, oocytes), embryos, blastomeres and tissues (i.e., ovarian 
tissue, testicular tissue), establishment of methods and applications for spermatozoa 
has the longest history and is the most widely used in human reproductive medicine, 
agriculture and aquaculture (Agca and Critser, 2002). Cryopreservation of 
spermatozoa as well as other types of reproductive cells has been extensively used in 
human reproductive medicine. Samples of reproductive cells from different strains 
and lines of laboratory model species that are important to biomedical research have 
been cryopreserved and stored in cryobanks (Critser and Mobraaten, 2000). 
Furthermore, the banking of genome resources such as cryopreserved male, female 
and embryo germplasm, would greatly help conservation efforts for endangered 
species and captive breeding programs (Johnston and Lacy, 1995; Watson and Holt, 
2001). Application of artificial reproductive technologies using frozen-thawed 
gametes of rare and endangered species will become increasingly important in 
conservation biology programme. 
One intriguing advantage of reproductive cryotechnologies is that they allow a unique 
time suspension during the preservation of sperm, eggs and gonadal tissue. As a 
result of freezing, several novel reproductive possibilities are created. Since 
cryotechnologies appeared, obstacles to reproduction such as age, death (for human), 
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extinction, non-synchronous maturation and the availability of male and female 
reproductive cells (in aquaculture) have become less important in relation to 
reproduction. Does it mean that success has been achieved by effectively stopping 
time and that Heraclitus's belief that "it changes in rest" has been overtaken by the 
progress of modern civilisations? Some evidence (Honda et al., 2001) that appeared 
recently has made us more cautious with premature conclusions. 
1.1.1 Cryoinjury to sperm, oocytes and embryos as far as it currently understood 
The rapid development in reproductive technologies has meant that cryotechnology 
has become a central pivot and support in the practice of assisted reproductive 
technology. Significant milestones in human reproduction were reached with freezing 
and use of human sperm (Bunge and Sherman, 1953), embryo (Trounson and Mohr, 
1983) and, with limited success, oocytes (Chen 1986). Many studies have been 
devoted to the mechanisms of cryodamage. Several theories of cryodamage have 
been developed where intracellular ice formation "solution effect", minimal cell 
volume and phase transition of membrane were identified as main elements 
responsible for cryoinjury (Lovelock 1953; Meryrnan et al., 1977; Mazur 1963; 
Farrant 1977; Belous and Bondarenko, 1982). 
Although significant differences in cryosensitivity exist among the gametes of 
various species and gametes themselves represent specific problems to the 
cryobiologist when compared with somatic cells, the basic principles of 
cryopreservation are applicable to all cells. The major cause of cell destruction during 
freezing and thawing is the formation of intracellular ice crystals. Therefore during 
cryopreservation, a major aim is to reduce the amount of water within the cell. 
Removal of too much water, however, and subsequent excessive dehydration is also 
detrimental. When a solution is cooled below its freezing point, it is initially 
supercooled, i.e. it remains liquid at a temperature colder than the freezing 
temperature. When temperature is lowered further some of the water molecules in the 
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solution crystallises out as ice, increasing the concentration of dissolved solutes, 
which can reaching osmolality values greater than 20 times isosmotic at temperature 
approaching -40°C (Mazur et al., 1981). If cooling is sufficiently slow, the 
intracellular water content remains in equilibrium with extracellular solution such that 
no ice forms within the cell. However, if the cooling rate is significantly faster then 
this equilibrium rate, sufficient water does not have time to leave the cell during 
cooling, ice crystal nucleation and growth can then take place inside the cell. Should 
this occur the cell will not survive (Watson and Holt, 2001). However, if the cooling 
rate is too slow, the exposure of cells to the extreme hypertonic conditions in residual 
liquid fraction for a sufficiently long period during cooling can also cause damage to 
the cells (referred to as the "solution effect") (Mazur et ai., 1972). It is now generally 
recognised that cell damages during cryopreservation are not caused by low­
temperature storage but the transitions through the temperature zones during cooling 
and thawing, when ice-crystal formation is most likely to occur (Willadsen 1977, 
Mazur 1984, Shaw et at., 2000). The degree of dehydration within a cell and the 
subsequent chance of cell survival during cooling are dependent on the following 
factors: 
1. The temperature at which slow cooling is terminated by direct plunging into liquid 
nitrogen. At a constant cooling rate, the lower the temperature the more time is 
allowed for dehydration. 
2. The concentration of cryoprotectant used. The rate of movement of water across a 
cell membrane is proportional to the difference in concentration of solute molecules 
on the two sides of the membrane. The higher the concentration of cryoprotectant, the 
lower the freezing point of the solution, and this allows for more dehydration before 
all of the extracellular water freezes. 
3. The permeability of the cell membrane to water and cryoprotectant. 
4. The size of the cell. Smaller cells can be cooled faster because of their larger 
surface-to-volume ratio, and hence water can leave smaller cells faster than larger 
ones. 
25 
On thawing, the reverse processes to those that operate during cooling take effect. 
The basic aims during these processes are twofold: to rehydrate the cell and to 
remove cryoprotectant that has permeated the cells. Rehydration of the cells begins 
during warming as ice melts and turns into liquid water capable of penneating the cell 
membranes. Thawed embryos generally appear quite shrunken immediately on 
thawing, indicating little rehydration has yet taken place. Rehydration of the cells and 
removal of the intracellular cryoprotectant is usually a combined process. There are 
clear evidence that controlled removal of cryoprotectant from thawed embryos is 
absolutely necessary to their subsequent survival. If thawed embryos are placed 
directly into culture medium, they swell and disintegrate due to the rapid influx of 
water. The method to avoid this osmotic shock is to remove the cryoprotectant 
gradually by a stepwise transfer of the embryos through successively lower 
concentrations of cryoprotectant solution (Leibo and Mazur, 1978). At each transfer, 
there is an increase in cellular volume to a maximum because of isotonic equilibration 
(Critser et aI., 1988). 
Despite advances in cryopreservation techniques, postthaw recovery and fertilising 
ability of reproductive cells very often remains poor (Paquignon et aI., 1980; Moce 
and Vicente, 2002). Cryopreservation causes extensive damage to membranes, 
resulting in decreased metabolism of cells, and disturbs the bioenergetic processes of 
cells by dan1aging the mitochondria. However, very little attention has been paid to 
the integrity of genetic material in reproductive cells after cryopreservation despite its 
importance in reproductive cells. Safety of cryopreservation and low-temperature 
storage is important in maintaining the original genofund of a particular sample, 
individual or species. The capability of cryopreserved reproductive cells to retain the 
motility, fertilisation and commitment to further cleavages after cryopreservation 
became less important under the conditions when genome integrity is affected. 
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1.2 Genetic structures under the stress of extreme factors 
If one considers cryopreservation as a complex of several extreme factors on the one 
hand and the genome of cryopreserved cells as a set of several elements it would be 
interesting to analyse how each of these elements would interact with each extreme 
factor of cryopreservation. But, in biological systems it is difficult to create ideal 
conditions for this experiment, when each factor can be studied separately excluding 
influence of many others. For this reason some theoretical analysis must be applied. 
Later in this chapter the main elements responsible for the integrity of the genome 
will be analysed as possible targets for the extreme factors of cryopreservation. The 
main elements of the genome that will be described in this chapter are: DNA, 
nucleoproteins (mainly histones and protamines), centrosome, mitochondrial DNA, 
DNA repair system, and imprinting. The extreme factors of cryopreservation that 
might potentially affect the biological structures are: increased or decreased osmotic 
pressure, physical factors (ice, mechanical overloading of ice crystals, electrical 
tension between crystals, increased hydrostatic pressure), chemical factors 
(redistribution of the ionic components, changes In pH, phase transition of 
biopolymers, redox transformation), specific and nonspecific effect of 
cryoprotectants, free radicals. 
1.2.1 Genetic factors 
1.2.1.1 DNA 
i) Chemistry of DNA changes 
Deoxyribonucleic acid (DNA) is a long molecule composed ofnuc1eotides in a linear 
order that constitutes the genetic information of cells capable of replicating itself and 
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of synthesizing cellular proteins via an RNA intermediate translated from the DNA 
template. The function of DNA is to transmit the genetic message from generation to 
generation, and to allow the expression of that message under appropriate conditions. 
DNA is a long, unbranched high molecular weight polymeric compound, which on 
complete hydrolysis, yields pyrimidine and purine bases, a sugar component and 
phosphoric acid. DNAs from different species reveal wide variations in the molar 
proportions of bases although the DNA from different organs and tissues of anyone 
species are essentially the same. There are several structures available to DNA 
molecules. The structure for DNA presented by Watson and Crick (tenned B), is 
double stranded and in the form of a right-handed helix with the two polynucleotide 
chains wound round the same axis and held together by hydrogen bonds between the 
bases. Although it is probably closest to the conformation of most DNA in cells, it is 
not the only conformation available to double-stranded nucleic acids. The reduction 
of relative humidity surrounding the DNA fibre to 75% makes a sodium salt of DNA 
assume the A form. This differs from the B form in several respects. Both the A and B 
structures are right-handed. But there is a left-handed DNA as wen, that is called Z­
DNA. The most important consequence of the base-pairing configuration found in 
DNA is that the order in which the bases occur in one chain automatically determines 
the order in which they occur in the other i.e. a complementary chain. Apart from this 
essential condition, there are no restrictions on the sequence of the bases along the 
chains. 
Once it was recognised that DNA is the informationally active chemical component 
of essentially all genetic material (with the notable exception of RNA viruses), it was 
assumed that this macromolecule must be extraordinarily stable in order to maintain 
the high degree of fidelity required of a master blueprint for an organism. It has been 
something of a surprise to learn that the primary structure of DNA is in fact quite 
dynamic and subject to constant change (Friedberg et ai., 1995). For example gene 
transposition is a well-established phenomenon in prokaryotic and eukaryotic cells 
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(Finnegan 1990). In addition to these large-scale changes, DNA is subjected to 
alteration of the chemistry or sequence of individual nuc1eotides (Lindahl 1993). 
Many of these changes arise as a consequence of errors introduced during replication, 
recombination, and repair itself. Other base alterations arise from the inherent 
instability of specific chemical bonds that constitute the nonnal chemistry of 
nucleotides under physiological conditions of temperature and pH. Finally, the DNA 
of living cells reacts very easily with a variety of chemical compounds and a smaller 
number of physical agents, many of which are present in the environment e.g. UV­
light and X-ray. DNA can experience following changes: tautomeric shifts, 
deamination ofbases, loss ofbases-depurination and depyrimidination, nonenzymatic 
DNA methylation, DNA cross-links and strand breaks, sugar damage and strand 
breaks. 
ii) Factors that can cause DNA damage 
Several physical and chemical factors that fluctuate during the process of 
cryopreservation are known to have an effect on DNA. These are presented in the 
Table 1.1 and summarised the preceding text. The sensitivity of DNA to different 
treatments can vary for different cells. For example, some studies have suggested that 
human sperm may have a greater frequency of chromosomal abnormalities than 
human somatic cells (Martin et al., 1987). The studies presented by Singh et aI., 
(1989) indicate that DNA in sperm, when compared to DNA in somatic cells, 
contains a considerably greater number of alkali-sensitive sites. Significantly higher 
levels of single-strand breaks under alkaline pH conditions were detected in human 
and mouse spenn in comparison with somatic cells. On the other hand a more slightly 
alkaline (pH 8.0) solution during freezing-drying of mouse spermatozoa was best in 
maintaining chromosome integrity, whereas the neutral and acidic pH caused much 
more damage to the chromosomes (Kaneko et ai., 2003). 
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Table 1.1 Effect ofdifferent extreme factors on the DNA 
Physical or chemical factor (in non 
physiolo gical range) 
Fluctuation ofpH 
Neutral or acid pH 
Temperature 
Reactive oxygen species (ROS) 
Alkylating agents (dimethyl sulphate) 
Dehydration 
Ethylene glycol 
Consequence for the DNA structure 
Deamination, depurination, 
depyrimidation 
Causes more chromosomal aberration 
during freezing-drying of mouse 
spennatozoa than alkaline (Kaneko et al., 
2003) 
Deamination, depurination, 
depyrimidation 
Cold denaturation (Orlandini et aI., 2001; 
Marenduzzo et al., 2001) 
Fragmentation, base loss, single strand 
breaks and double strand breaks, 
production of 8-hydroxyguanine 
3-methyladenine, 7 -methyl guanine 
B to A-form transformation 
Increases hyperchromicity, ellipticity and 
premelt slope ofchromatin. Destabilise 
high melting region ofpolypeptide-bound 
DNA and the extent of higher ordered 
structure in model complexes and 
chromatin. (Schwartz and Fasman, 1979) 
Effect Tmelting and cause the conversion 
from the B to the C form (Nelson and 
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Johnson, 1970) 
Dimethyl sulphoxide 	 Causes DNA methylation, 
conformational changes in the DNA and 
chromatin (Reboulleau and Shapiro, 
1983) 
Glycerol 	 Changes the conformation ofDNA, has a 
destabalising effect and decrease Tm 
(Nakanishi et al., 1974) 
Hyperosmotic stress 	 Chromosomal aberrations, DNA double 
strand breaks, modulation of DNA-
protein binding, alter chromatin 
compactness (Kultz and Chakravarty, 
2001) 
The process of cryopreservation involves inevitably changes in osmotic pressure, 
another extreme factor for cells. But it is very well known that a significant osmotic 
gradient cannot be generated across animal cell membranes, because cell volume and 
the concentrations of important intracellular inorganic ions must stay within narrow 
limits for cells to function (Kultz and Chakravarty, 2001). Changes in osmolality 
impose an osmotic stress upon cells that impairs cell metabolism and function in a 
variety of ways (Somero and Yancey, 1997). Considering the effect of osmotic stress 
on its own there is evidence that osmotic stress causes chromosome aberrations or 
elevations in sister chromatide exchange frequencies in hamster ovary cells and 
lymphocytes (Galloway et al., 1987; Kalweit et al., 1990). Thus, hyperosmotic stress 
may cause DNA damage or inhibit DNA repair leading to chromosomal aberrations 
(Kultz and Chakravarty, 2001). In principle, three mechanisms by which 
hypertonicity could lead to an increased frequency of DNA double strand breaks have 
been suggested (Kultz and Chakravarty, 2001): First, cell shrinkage resulting in 
increased ionic strength, macromolecular crowding, and physical distortion of the 
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nuclear matrix may cause changes in DNA stiffness and bending (curvature stress). 
This could translate into mechanical strain on the DNA molecule in areas where 
chromatin packaging of DNA is too rigid and enhance the likelihood of breakage in 
these regions. Second, hyperosmotic stress could cause DNA double strand breaks 
(dsb) via formation of free radicals. This notion is supported by the fact that several 
free radicals scavenging enzymes, including catalase, superoxide dismutase, and 
gluthatione peroxidase, are activated during hyperosmotic stress in mammalian cells 
(Shukla et ai., 1993). Third, DNA double strand breaks (dsb) could result from 
changes of chromatin compactness and DNA accessibility during hyperosmotic 
stress. Such changes may disturb the equilibrium between constitutive DNA repair 
vs. DNA damage or allow enhanced access of nuc1eases or free radicals to certain 
regions of DNA. 
1.2.1.2 Histones and protamines 
i) Structure of histones and protamines 
Previous information has been devoted mainly to a consideration of damage to bases 
in DNA, without regard to higher levels of organisation of DNA molecules in the 
genomes of living cells. However, in eukaryotes DNA is associated with both histone 
and nonhistone chromosomal proteins to form chromatin. The presence of the 
chromatin structure is an important warrant of the DNA stability and function 
(Ljungman and Hanawalt, 1992). It has been shown that the presence of DNA-bound 
histones and the folding of the chromatin fibers into higher order structures can 
influence the frequency of induced DNA breaks (Ljungman and Hanawalt, 1992). 
The mechanism of protection against, for example, hydroxyl radical-induced DNA 
strand breaks afforded by histones and the folding of the chromatin into higher order 
structures is not likely due to steric hindrance since the hydroxyl radicals are very 
small, uncharged molecules that should be able to move about even in regions of 
condensed chromatin (Ward 1988). However, the hydroxyl radicals are extremely 
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reactive, making them very short lived in cells. Thus, only those hydroxyl radicals 
formed in the close vicinity of the DNA helix would be able to cause DNA strand 
breaks. Any proteins bound to the DNA would lower the frequency of DNA-strand 
breaks by scavenging the hydroxyl radicals (Ljungham and Hanawalt, 1992). 
Therefore, the disturbance of chromatin structure might make DNA more susceptible 
to different reactive agents. 
The main classes of proteins that are responsible for the structural and functional 
competence of the genetic information presented in cells are presented in the Table 
1.2. The expression of the genetic infonnation is controlled predominantly through 
the interaction of proteins with DNA. So the normality of genome function is entirely 
dependent on the integrity of DNA-proteins complex. Two main forms of DNA 
packaging will be described here that are common for somatic and germinal cells: 
histones and protamines. 
Histones 
Histones are principal structural components of chromosomes of eukaryotic somatic 
cells. Histones are relatively small proteins with a very high proportion of positively 
charged amino acids (lysine and arginine); the positive charge helps the histones bind 
tightly to DNA (which is highly negatively charged), regardless of its nucleotide 
sequence. Histones probably only rarely dissociate from the DNA, and so they are 
likely to have an influence on any reaction that occurs on chromosomes. 
Histones may be methylated, phosphorylated, acetylated or ADP-ribosylated, and 
some of these modifications, by altering the charge on the molecule, may affect the 
interactions of histones with each other or with DNA. It is considered that histone 
modification may playa role in the control of gene expression. The nuc1eosome, in its 
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role as the principal packaging element of DNA within the nucleus, is the primary 
determinant of DNA accessibility. 

Table 1.2 Proteins that are responsible for the structural and or functional stability of 

the genome. 

Proteins which interact with DNA 
1 Replication and repair 
• DNA polymerases ofdifferent types 
• DNA unwinding proteins and others in the replication complex 
• Ligases and repair proteins 
• Nucleases and excision enzymes of the repair process 
2 DNA packaging proteins 
• Chromatin: nuc1eosomes and histones 
• Proteins of the sperm, protamines and other proteins 
• Virus condensation proteins: internal and coat 
3 Transcription 
• RNA polymerases and its various subunits 
• Repressor and regulation of the initiation of transcription 
• Cyclic AMP receptor proteins (CRP) 
• Rho factors in the termination of transcription 
4 Nucleases 
• Restriction endonuc1eases 
• Exo- and endonucleases 
• Nucleases of hydrolysis 
5 DNA modifying proteins 
A methylases 
Prolamines 
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The chromatin of early spermatids is organised like that of somatic cells in the form 
ofnucleosomes (McGhee and Felsenfeld, 1980). However, during the middle and late 
stages of spermiogenesis, spermatid histones are replaced by transition proteins and 
finally these are replaced by protamines in which about 55 to 75 % of the aminoacids 
correspond to arginine (Bellve et ai., 1975). Figure 1.1 presents a graphic illustration 
of the gross differences in packaging in the sperm as compared to with somatic 
nucleus. 
While mature mammalian spermatozoa almost always possess protamines (Human 
spem1 chromatin contains 15% histones (Tanphaichitr et aI., 1978) )the sperm nuclei 
of most species of teleost fish contain either protamines (P), and/or protamine-like 
proteins (PL) and histones (type H). These interspecies differences must be taken into 
consideration when cryoresistance of sperm is assessed, especially using methods that 
depend on DNA-protamine interaction (e.g. staining methods, discussed in section 
1.1.1.1). Detailed information on protamines of the species used in the present study 
(Cyprinidae (zebrafish) and Cobitidae (loach)) is given elsewhere (Saperas et a!., 
1994). 
The main reason for replacement of histones by protamines during spermatogenesis 
appears to be the fact that protamines convert DNA molecules into a very compact 
state. It was calculated that, for example mouse sperm DNA could not possibly be 
packaged into nucleosomes because that would require more than double the sperm 
nuclear volume (Ward and Coffey, 1991). The phosphate charges of the DNA present 
in the nuclei of eukaryotic organisms are always neutralised by proteins. This 
neutralisation is almost complete in those sperm nuclei which contain protamines, so 
that the basic amino acid/phosphate ratio is close to unity in such cells. This 
neutralisation results in a complete insolubilisation of the complex and only a 
relatively small change in its packing density is observed when the humidity of the 
sample is modified. In fact a nucleoprotamine sample only accepts about 25% of its 
dry weight as water of hydration at 100% relative humidity (Fita et a!., 1983). In 
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contrast, the DNA in somatic nuclei is not fully neutralised by histones. The 
relatively low degree of neutralisation of DNA by histones makes the 
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protamines bind to DNA and 
then package the DNA linear, 
side-by-side arrays. Since 
protamines induce no coiling of 
the DNA, protamine containing 
spenn DNA is not supercoiled 
(From Ward 1993) 
nucleohistone complex very sensitive to the ionic conditions and to the presence of 
divalent ions. In many cases the degree of hydration of DNA complexes has a strong 
influence on the conformation of DNA. 
Fish protamines have been proposed to perform an additional function. It was 
suggested (Shimizu et aI., 2000), that the physiological role of protarnines for fish is 
to protect the ejaculated spermatozoa against disruption by low osmotic pressure. 
Nuclei without protamine more rapidly swelled than did those with protamine and 
completely broke down within 10 min, whereas more than 80 % of the spenn nuclei 
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with protamine resisted the disruption under similar conditions (Shimizu et ai., 2000). 
Disruptionby osmotic pressure is known to happen during cryopreservation. 
Another factor that stabilises sperm chromatin is zinc. A positive correlation exists 
between Zinc content and chromatin stability (Kvist et aI., 1988). It has also been 
proposed that spermatozoal zinc protects an inherent capacity for decondensation and 
that zinc supplementation before storage of sperm reversibly inhibited spontaneous 
decondensation as well as EDTA-enhanced decondensation (Kvist and Bjomdahl, 
1985). Disulphide bonds provide another way to make the complex more stable. 
During sperm maturation in eutherian mammals, sulph-hydryl groups become 
oxidised, reSUlting in the formation of disulphide groups and chromatin stabilisation 
(Bottiroli et aI., 1994). 
A number of recent studies have demonstrated that the structural organisation of 
sperm DNA is important to the function of spermatozoa (Evenson 1989; Blow and 
Laskey, 1986). The results suggested that the organisation of DNA within sperm head 
is necessary for proper DNA replication. These experiments imply that even though 
spermatozoa are transcriptionally inert and do not replicate their DNA, they are just 
as dependent as somatic cells upon the structural organisation of their DNA for 
proper function. As fertilisation occurs and ooplasmic segregation happens, other 
dynamic responses take place in the nuclei of both egg and spermatozoon: the 
resumption of meiosis, breakdown of the poreless nuclear envelope, reduction of 
disulphide bonds in protamines, decondensation of chromatin, replacement of 
protamines by histones, reformation of the nuclear envelope and DNA replication. So 
the success of these events depends on the structural integrity of the nucleus 
contributed by the spermatozoon and, as recent data suggest, even very subtle 
changes in the sperm nuclear structure may have a significant impact on embryo 
development (Ward et al., 2000). 
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Most researchers believe that the only truly essential component in the sperm head for 
embryogenesis is the DNA itself, and that all other sperm components evolved solely 
as the means of transporting the parental DNA into the oocyte, but recent data show 
that it is premature to make conclusions like this. Subtle variations in the 
proteinaceous nuclear structure can also affect paternal genome function in 
embryogenesis (Ward et al., 2000). It is also likely that disturbance of the sperm 
nuclear matrix seriously damages the paternal genome or its expression (Ward et al., 
2000). 
ii) Cryo related extreme factors that may damage the DNA-protein complex 
Despite the chemical, physical and biological factors that stabilise the DNA-protein 
complex in the nucleus, it is still possible to destabilise this complex. Loss of native 
structure must involve disruption of factors responsible for its stabilisation. The 
factors are: hydrogen bonding, hydrophobiC interactions, electrostatic interactions 
and disulphide bridging 
Hydrogen bonds can be disrupted by heat, or urea and guanidinium. These 
compounds contain functional groups that can accept or donate hydrogen atoms in 
hydrogen bonding. Hydrogen bonds of the alpha-helix will be replaced by hydrogen 
bonds to urea, for example, and the helix will unwind. 
Agents that disturb hydrophobiC interaction are organic solvents, such as acetone or 
ethanol-dissolve nonpolar groups. Well known cryoprotectant ethylene glycol have 
been shown to affect hydrophobic interactions in chromatin (Schwartz and Fasman, 
1979). Detergents are known to dissolve nonpolar groups. Another phenomenon 
described quite recently is cold denaturation (Foguel and Silva, 1994). Cold increases 
solubility of nonpolar groups of water. When a hydrophobic group contacts water, the 
water dipoles solvate it by forming an orderly array around it. The array is called an 
"iceberg", because it is an ordered water structure, but not true ice. The ordering of 
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water in an "iceberg" decreases the randomness (entropy) of the system, and is 
energetically unfavourable. Ifhydrophobic groups cluster together, contact with water 
is minimised, and less water must become ordered. This is the driving force behind 
hydrophobic interaction. (The clustering together of hydrophobic groups is also 
entropically unfavourable, but not as much as "iceberg" formation.) At low 
temperatures solvation of hydrophobic groups by water dipoles is more favourable. 
The water molecules have less thermal energy and can "sit still" to form a solvation 
"iceberg" more easily. Cold denaturation is not a stabilising factor for all proteins; it 
is important in proteins that are highly dependent on hydrophobic interactions to 
maintain their native structure. 
Ionic dis balance can bring as well to tremendous changes in the structure of proteins. 
For example pH extremes are known to affect ionic status of the system. Most 
macromolecules are electrically charged. Ionizable groups of the macromolecule 
contribute to its net charge (sum of positive and negative charges). Bound ions also 
contribute to its net charge. Electric charges of the same sign repel one another. If the 
net charge of a macromolecule is zero or near zero, electrostatic repulsion will be 
minimized. The substance will be minimally soluble, because intermolecular 
repulsion will be minimal. A compact three-dimensional structure will be favoured, 
because repulsion between parts of the same molecule will be minimal. pH extremes 
result in large net charges on most macromolecules. Most macromolecules contain 
many weakly acid groups. At low pH all the acidic groups will be in the associated 
state (with a zero or positive charge). So the net charge on the protein will be 
positive. At high pH all the acidic groups will be dissociated (with a zero or negative 
charge). So the net charge on the protein will be negative. Intramolecular electrostatic 
repulsion from a large net charge on the protein will be negative. Intramolecular 
electrostatic repUlsion from a large net charge will favour an extended conformation 
rather than a compact one. 
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Cell proteins often form additional covalent intra-chain bonds. Most notably, the 
formation of disulphide bonds (also called S-S bonds) between the two -SH groups of 
neighbouring cysteine residues in a folded polypeptide chain often serves to stabilise 
the three-dimensional structure. Disruption of bonds leads to non functional protein. 
As it was mentioned above, there is evidence in literature already that 
cryopreservation causes disturbance in disulphide binding. 
1.2.1.3 The centriole system 
i) Structure ofthe centrosome 
Fertilisation has traditionally been regarded as a simple blending of two gametes 
during which the haploid genome of the fertilising spermatozoon constitutes the 
primary paternal contribution to the resulting embryo. In contrast to this view, new 
research provides evidence of important cytoplasmic contributions made by the 
fertilising spermatozoon to the zygotic makeup, to the organisation of 
preimplantation development, and even reproductive success ofnew forms of assisted 
fertilisation. As early, as 1901, Theodor Boveri formulated his theory of paternal 
centrosome inheritance that was supported later by numerous studies (Hertig and 
Adams, 1967; Sathananthan et al., 1997b). The central role of the sperm-contributed 
centriole in the reconstitution of zygotic centrosome has been established in most 
species and is put in contrast with strictly maternal centro somal inheritance in rodents 
(Wooley and Fawcett, 1973; Sutovsky et aI., 1999). 
At fertilisation, the sperm-contributed centriole utilises the oocyte-produced pool of 
pericentriolar material for its duplication and conversion into an active zygotic 
centrosome. This is capable of guiding pronuclear development and the formation of 
the first mitotic spindle (Navara et ai., 1994; Palenno et aI., 1994) (Fig.1.2). Sperm 
aster microtubules provide tracks for the apposition of the male and the female 
pronuclei (Schatten, 1994) and may facilitate recruitment of preassembled nuclear 
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pore complexes and other organelles and molecules to the developing pronuclear 
compartment (Sutovsky et at., 1998). Instead of being of exclusively paternal origin, 
the zygotic centrosome of non-rodent animals thus appears to be a blend of the 
paternally contributed centriole complex and maternally derived pericentriolar 
material, which should therefore to be referred to as a biparentally inherited 
organelle. Thus, the normal embryonic development depends on the sperm-borne 
centriole for the organisation of an active zygotic centrosome and mitotic apparatus 
(Sutovsky et ai., 1996 b). Centriolar dysfunctions can cause insufficient sperm aster 
formation, lack of syngamy and cleavage or defective embryos leading to early 
abortions (Rawe et al., 2002). 
ii) The centrosome and cryo-related extreme factors 
The centrosome is known to be sensitive to different extreme factors. It has been 
shown that the centrosomal activity is unstable and could easily be irreversibly 
disrupted by medium of high ionic strength (Kuriyama, 1984). In experiments on 
hamster ovary cells the centrosomal activity was stabilised by the addition of 
glycerol. The centrosome was shown to be stored at - 80°C, but its structure was 
sensitive to deviations of pH with an optimum ofpH6.8 for microtubule nucleation. 
A study on sea urchin zygotes showed that chilling of cells on ice causes the 
disassembly of most microtubules and the collapse of mitotic centro somes into 
aggregated masses. Centrosomal material is detected as a compact sphere after cold 
treatment (Thompson-Coffe et al., 1996). Data in the literature about the effects of 
different cryoprotectants and low temperature on the centrosome (Pickering and 
Johnson, 1987, Magistrini and Szollosi 1980) are mentioned in section 1.3.1.2. 
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Figure 1.2 The commg together of the sperm and egg pronuclei following 
fertilisation. The pronuclei migrate toward the center of the egg. When they 
come together, their nuclear envelopes interdigitate. The centrioles replicate, 
the nuclear envelopes break down, and the chromosomes of both gametes are 
eventually integrated into a single mitotic spindle, which mediates the first 
cleavage division of the zygote. (Adapted from Molecular Biology of the Cell, 
3rd edn, Part IV. Cells in Their Social Context, Chapter 20. Germ Cells and 
Fertilization, Daniel Szollosi.) 
1.2.1.4 Mitochondrial DNA (mtDNA) 
i) Structure ofmtDNA 
In addition to the nuclear genome, cells possess an extra-nuclear genome represented 
by mitochondrial DNA. DNA was first observed in mitochondria as early as in 1924 
by Bresslau and Scremin using light microscopy and a Feulgen stain (Sawyer and 
Houten, 1999). Mitochondria of the oocyte cytoplasm and sperm mitochondrial 
42 

sheath each contain up to 10 complete copies of the mitochondrial genome (Zeviani 
and Antozzi, 1997). The quantity of mitochondria is very different in different cells 
(Table 1.3). 
Table 1.3 Relative Amounts of Organelle DNA in Some Cells and Tissues 
Organism Tissue or Cell DNA Organelle per Organelle DNA 
Type Molecules per Cell as Percent of 
Organelles Total Cellular 
DNA 
Mitochondrial 
DNA 
Rat liver vegetative 5-10 1000 1 
Yeast* 2-50 1-50 15 
Frog egg 5-10 107 99 
loach egg, embryos 7.4x107 (Wang, 
1992) 
* The large variation in the number and size of mitochondria per cell in yeast is due 
to mitochondrial fusion and fragmentation. 
The covalently closed-loop supercoiled mitochondrial genome encodes 13 
polypeptides, 22 tRNAs and 22 rRNA (Fig 1.3). The 13 proteins encoded by the 
mtDNA are essential for subunits of the electron transport chain and ATP synthase. 
Cells lacking mtDNA are absolutely dependent upon glycolysis for survival 
(Desjardins et ai., 1986). Eleven of the 13 proteins found in animal mtDNA are 
subunits of three major membrane-bound enzyme complexes in the respiratory chain. 
NADH dehydrogenase subunits 1-6 and 4L (NDl-6 and ND4L) are components of 
the NADH dehydrogenase complex. Cytochrome b (CYTB) is a subunit of the 
cytochrome b-l complex. Cytochrome c oxidase subunits I-III (COX 1-3) are the part 
ofthe cytochrome oxidase complex. In addition, two subunits of ATP synthase, ATP 
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loop CD-loop), which is vital to mtDNA replication. The D-Ioop region of vertebrate 
mtDNA has evolved as the control site for both transcription and replication. Two 
promoters (H-strand promoter (HSP) as well as L-strand promoter (LSP) of 
transcription are located in the D-Ioop area approximately 150 base pairs apart. It is 
Figure 1.4 The electron transfer chain. CoQ coenzyme Q; CytC cytochrome C; ANT 
adenine nucleotide transporter; H+ proton (From St John et aI., 2000) 
ADP 
II 
Succinate Fumarate 
obvious that deletions of mtDNA that remove critical regulatory regIOns for 
replication and expression would be lethal events for the molecule (Jeong-Yu and 
Clayton, 1996). Loss of HSP function would not be expected to have any 
consequences for the ability of mtDNA to replicate. It would, however, create a 
defunct population of molecules from which both rRNA and most mitochondrial 
mRNAs would not be produced. 
During initial sequencing it was found that the mtDNA contains a different genetic 
code than nuclear DNA (nDNA). For example, the stop codon UGA in the nucleus 
encodes a tryptophan in the mitochondria, whereas AGA or AGG encode arginine in 
the nucleus, but are stop codons in mammalian mtDNA. 
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Comparisons of DNA sequences in different orgamsms reveal that the rate of 
nucleotide substitution during evolution has been 10 times greater in mitochondrial 
genomes than in nuclear genomes, which presumably is due to a reduced fidelity of 
mitochondrial DNA replication, DNA repair, or both. Because only about 16,500 
DNA nucleotides need to be replicated and expressed as RNAs and proteins in animal 
cell mitochondria, the error rate per nucleotide copied by DNA replication, 
maintained by DNA repair, transcribed by RNA polymerase, or translated into protein 
by mitochondrial ribosomes can be relatively high without damaging one of the 
relatively few gene products. This could explain why the mechanisms that carry out 
these processes are relatively simple compared to those used for the same purpose 
elsewhere in cells. The presence of only 22 tRNAs and the unusually small size of the 
rRNAs (less than two-thirds the size of the E. coli rRNAs), for example, would be 
expected to reduce the fidelity of protein synthesis in mitochondria, although this has 
not yet been tested adequately. 
ii) Mechanisms ofmtDNA damage 
Various mutation and deletions have been identified in mtDNA under some extreme 
conditions and can be categorised into: bases modification leading to double-strand 
separation (Hayakawa et aI., 1992), strand breaks, deletions (Hayakawa et aI., 1995). 
The proximity of the mitochondrial genome to the electron transport chain, and its 
lack of protective histones, apparently makes mtDNA more susceptible than nuclear 
DNA to various kinds of damage. A higher concentration of active intermediates is 
produced in mitochondrial matrices than in nuclei because of the presence of an 
electron transfer complex or the presence of proteins containing Fe-S clusters in 
mitochondria. It has been demonstrated that the mitochondrial genome is particularly 
susceptible to base substitution (Polyak et al., 1998). Large-scale mitochondrial 
deletions are also common for mtDNA. The presence of direct repeats that often flank 
these deletions is regarded as intrinsic to their formation (St John et al., 2000). Many 
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of the deletions observed occur at so called hot regions (i.e, those within the genome 
that have bent DNA structures) (Hou and Wei, 1996). Specifically the 2 AT -rich 
sequences flanking the 5'-end breakpoint of the 4977 -bp deletion confer this bent 
structure upon the DNA and thus render it more susceptible to free radical attack 
(Hou and Wei, 1998). 
Although according to some authors the fraction of damaged DNA estimated by the 
conventional PCR method is only the "tip of the ice-berg" (Soong et aI., 1992), there 
is evidence that these structural changes might affect cell function. It also appears that 
the accumulation of damage and mutations in mtDNA can contribute to the ageing 
process and degenerative disease (Wei 1998). DNA damage blocks the activity of the 
transcription machinery, leading to a decline in mitochondrial mRNA and protein 
synthesis. Because mitochondrial genes code for proteins of the electron transport 
chain, the reduced expression leads to decline in oxidative phosphorylation, increased 
ROS production, and further damage (Sawyer and Houten, 1999) (Fig. 1.5). It has 
even been proposed that high sensitivity to the mutagenic agents and the high rate of 
mutations in mtDNA provides a molecular clock that measures the age (Wallace 
1994). 
1.2.1.5 DNA repair system 
As it has been shown before, the integrity of cellular DNA is challenged constantly 
by endogenous and exogenous agents, resulting in an estimated 1-3 x 104 
spontaneous lesions per cell per day (Loeb 1991). Cellular processes that occur in an 
attempt to deal with this genotoxic insult include direct DNA repair of the lesion, 
induction of gene transcription, cell cycle arrest and cell death (Carr and Hoekstra, 
1995). All cells and spermatozoa posses a variety of enzymatic mechanisms that 
repair damaged DNA (Ashwood-Smith and Edwards, 1996). The repair system can 
be divided into three main classes: (Eisen and Hanawalt, 1999) 1) Direct repair (in 
which abnormalities are chemically reversed), 2) Recombinational repair (in which 
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homologous recombination is used to repair abnormalities) and 3) Excision repair (in 
which a section of the DNA strand containing an abnormality is removed and a repair 
patch is synthesised using the intact strand as a template). There are three distinct 
forms of excision repair; these are base excision repair (BER), nucleotide excision 
repair (NER), and mismatch repair (MMR). 
Figure 1.5 Proposed model for the effect of mtDNA damage on cellular integrity. 
Oxidative and chemical insult to mtDNA leads to decreased transcription and 
translation of mitochondrial function fails, A TP levels drop, and cytochrome C is 
released which triggers apoptosis. Chronic exposure to oxidising conditions and 
mitochondrial collapse ultimately manifests as ageing and associated degenerative 
diseases. (Picture from Sawyer and Hoten, 1999) 
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DNA damage can be caused not only by environmental agents such as UV light but 
also by weak endogenous mutagens including reactive oxygen species, and 
metabolites that can act as alkylating agents. Very slow turnover of DNA 
consequently occurs even in cells that do not proliferate. Genome instability caused 
by the variety of DNA-damaging agents would be an overwhelming problem for cells 
and organisms if it were not for DN A repair. 
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If there are extreme factors that can potentially disturb the stability of the genome, the 
status of the repair system must be taken into consideration. In relation to 
reproductive cells it is must be acknowledged that mature spern1atozoa do not have a 
repair system at all (Matsuda and Tobari, 1989). Damage of the paternal genome 
might alter the expression of some, but not all, of the DNA repair machinery in early 
preimplantation embryos. In embryos fertilised by mutagen-exposed spermatozoa, 
DNA damage may act as a trigger to alter chromatin conformation and the regulation 
of transcription (Harrouk et at., 2000). 
The DNA repair system is present in oocytes, and its activity can be influenced in 
various ways (Ashwood -Smith and Edwards, 1996). The integrity of this system is 
crucial not only for the oocytes, but also for the fertilised egg since it can repair the 
lesions in DNA contributed by spermatozoa. Therefore, in a study of the effects of 
extreme factors on the genome as a system, the DNA repair system must be 
ultimately taken into consideration. The intensity of the damage depends not only on 
the interaction of extreme factors and the genome, but also on the reaction of the 
DNA repair system. Moreover the same set of extreme factors might affect the DNA 
repair system directly, making cells more sensitive to mutagenic influences. 
Activation of the repair system can be used as evidence for the presence of DNA 
lesions. Estimation of the DNA repair system pathway involved in the repair process 
may help in solving the mechanisms of DNA damage. 
1.2.1.6 Imprinting 
Vertebrate development involves programmed changes in gene expreSSIOn that 
promote the differentiation of totipotent embryonic cells into somatic cells that build 
the body of the animal. Epigenetic factors include genetic imprinting through DNA 
methylation. The epigenetic modification of genomic DNA by the addition of a 
methyl group to the 5' position of cytosine is a common characteristic of organisms 
with relatively large and complex genomes (Bestor 1990). This is a type of epigenetic 
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alteration in which, for some genes, only one allele (either paternal or maternal) is 
expressed during development. Imprinting differences between male and female are 
complementary and settle during gametogenesis, but occur also in males during 
epididymal maturation. Moreover, they are altered during embryogenesis (Monk and 
Grant, 1990). This DNA methylation has been extensively examined in mammals and 
it is thought to play a crucial role in a number of important mammalian 
developmental processes, including such things as X-chromosome inactivation and 
the more general silencing of specific genetic loci during the determination and 
differentiation of cells (Riggs and Pfeifer, 1992). The epigenetic phenomenon of 
genomIc imprinting is also known to occur among plants (Alleman and Doctor, 
2000). 
Unlike the situation in mammals there is almost nothing known about methylation in 
fish. McGowan and Martin (1997) suggest that genomic imprinting also exists in 
zebrafish. This contradicts the opinion of other authors who think that genomic 
imprinting appears to have evolved as a mammalian mechanism, absent from all 
lower vertebrates (Young and Fairburn, 2000). The biological significance of 
genomic imprinting still remains controversial, with suggestions of limiting ovarian 
trophoblast disease and balancing a parental conflict between increasing and limiting 
foetal size by the paternal and maternal genomes respectively. Since most of the 
functions of imprinted genes identified so far have roles in foetal development, the 
explanation of dosage control offered by the latter, "conflict" hypothesis has earned 
most support to date (Iwasa 1998). 
The paternal pronucleus is critical for proliferation of cells of differentiated tissues 
(Surani et ai., 1990). Disturbance of the normal DNA methylation could alter male 
germ cell development and function, resulting in alterations in fertilisation and early 
embryo development (Doersken and Trasler, 1996). A variety of imprinting effects is 
known including abnormalities and lethality in the early embryo, late fetus and 
neonate as well as prenatal and postnatal growth effects (Cattanach and Beechey, 
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1997). Aberrant expression of imprinted genes can result in developmental failure, 
neurodevelopmental and neurobehavioral disorders and cancer (Murphy and Jirtle, 
2003). Although there are still many unanswered questions about epigenetic factors, 
the fact is that the disturbance of the natural distribution of methyl groups in 
reproductive cells or embryos has a huge effect on the progeny. It has been suggested 
that one of the mechanisms of preconception carcinogenesis involves imprinting 
changes, resulting in altered gene expression in the offspring (Auroux 2000). Any 
human manipulations with reproductive cells and embryos must be treated with 
caution. It has been shown that even a common manipulation such as in vitro embryo 
culturing might be responsible for the induction of imprinting errors (Young and 
Fairburn, 2000). 
In cryopreservation, some cryoprotectants (e.g. Me2S0) appear to change imprinting 
(Ashwood-Smith, 1986), which leads to the long-term effect. In another study, 
Me2SO was shown to cause DNA hypomethylation, that was interpreted as a reason 
for the increase of some genes expression (Reboulleau and Shapiro, 1983). Very 
limited number of studies are known on the effect of cryopreservation on the 
imprinting (Bonduelle et al., 1998; Hao et at., 2002 a,b). 
1.3 Effect of cryopreservation on the genome 
1.3.1 Cryodamage of genetic material in spermatozoa 
Spermatozoa are the male reproductive cells, the primary function of which is to 
deliver the paternal genome to the egg, and to initiate development by activating the 
oocyte, leading to the development of the normal embryo. From the earliest work on 
sperm cryopreservation, the main criteria evaluated for sperm viability have been 
motility and fertilising ability. The recovery of these functions after sperm 
cryopreservation and the production of morphologically normal offspring have been 
cited by some researchers to argue that cryopreservation does not influence the sperm 
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genome. The relatively high rate of the motility after sperm cryopreservation together 
with morphologically nonnal offspring derived from these sperm, encouraged 
researchers to use cryotechnologies almost without any concern. It is worth pointing 
out that in pathological development, malformations may occur at different levels 
(organ, cell, cell connection (e.g. synapses), organelle and also at the molecular 
level). If the problem is studied only at the level of the whole organism, changes that 
occur at the molecular level may go unoticed. In DNA lesions, the subsequent 
physiological consequences of these changes on the organism's capacity for growth, 
survival, development, and reproduction can range from the undetectable to the 
profound (Friedberg et aI., 1995). 
New data that has emerged from recent literature may change previously established 
views about the effect of low temperature storage on the genetic integrity of 
spermatozoa. All data in the literature on the effect of cryopreservation on the sperm 
genome can be roughly systematised into three main groups of studies, where effects 
were studied at the molecular, cellular or organismal levels. It is interesting to note 
that different authors have presented contradictory results even though almost the 
same methods of analysis are applied. This chapter reviews data available in the 
literature as well as analyses some contradictory results which have arisen in 
published work. 
1.3.1.1 Study of the spenn genome at the molecular level 
The first group of studies is where different staining methods were used on 
cryopreserved sperm to evaluate changes in the structure of deoxyribo­
nUcleoproteins. The methods are based on the fact that the emission spectra of dyes 
are sensitive to the status of DNA-associated protamines. For example, acridine 
orange binds to native (double-stranded) DNA as a monomer and emits green 
fluorescence, whereas denatured DNA emits red fluorescence. Using acridine orange 
(AO) staining of human sperm, Royere et al., (1988); Royere et aI., (1991), 
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Hamamah et ai., (1990), Pasteur et ai., (1991) showed that the level of native DNA 
significantly decreased after cryopreservation. Hamamah et at., (1990), studying 
staining characteristics of human and boar spermatozoa, discovered that the boar 
spermatozoa are more cryoresistant. The percentage of native DNA in boar 
spermatozoa was not affected by cryopreservation whereas in human sperm it was 
subject to significant changes. It might be the case that the boar DNA-protamine 
complex is more resistant to freezing than that of human. Another factor that needs to 
be considered is that whereas the samples of boar spermatozoa were selected from a 
group of healthy animals, the human samples were taken from a group of men that 
were involved in an infertility programme. Therefore the possibility of having sperm 
samples with some anomaly was theoretically higher for human samples. In fact the 
percentage of native DNA in the human samples before any treatments (44% to 64%) 
was somewhat lower than what would be considered as the lowest normal margin 
(50% - 65.6%) (Sukcharoen 1995; Hoshi et ai., 1996). Furthermore, Hoshi et al. 
(1996) showed that when the proportion of green AO fluorescence (native) was less 
than 50%, the spermatozoa of 61 % of the patients completely failed to fertilise. It is 
generally agreed that success of cryopreservation depends on the initial quality of 
cells (Hammadeh et al., 1999) and that low quality spermatozoa are more likely to be 
less cryoresistant. 
A lower cryoresistance may apply not only to the membrane and subcellular 
structures, but also to the genetic structures. Hammadeh et ai., 1999 using aniline 
blue, demonstrated that the percentage of condensed chromatin in human 
spermatozoa (aniline blue positive) after cryopreservation was significantly higher in 
semen samples from infertile patients than those of fertile donors. This indicates that 
chromatin in the fertile patients withstands cryodamage better than sperm chromatin 
obtained from infertile patients. Similar results were obtained by other authors 
(Donnelly et al., 2001a). In this study, sperm DNA integrity was determined using a 
modified alkaline single cell gel electrophoresis (comet) assay which reveals single 
strand breaks in DNA. DNA of semen and prepared spermatozoa from fertile men 
53 
.. 

was found to be unaffected by cryopreservation. In contrast, spermatozoa from 
infertile men were significantly damaged by freeze-thawing. The ability of semen 
from fertile men to resist freezing damage may be due to some protective constituents 
in seminal plasma. Seminal plasma contains an abundance of antioxidant enzymes 
such as superoxide dismutase and catalase, which removes reactive oxygen species 
(ROS). The total antioxidant capacity of semen from fertile men has been found to be 
significantly greater than that for samples from infertile men (Lewis et al., 1995). It 
may be the case that only fertile samples have these antioxidants present in sufficient 
abundance to confer protection against the trauma of cryopreservation. Semen from 
infertile men is also known to possess a greater percentage of spermatozoa with 
fragmented DNA than semen from fertile men (Sun et aI., 1997; Lopes et ai., 1998). 
But there is evidence that even the DNA integrity of sperm from healthy donors can 
be affected by the cryopreservation procedure. It has been shown that sperm DNA 
integrity was reduced by 20% after cryopreservation of semen (Donnelly et al., 
2001 b), but it was suggested that some improvements in freezing outcome can be 
achieved by selecting out the subpopulation of sperm with best motility and DNA 
integrity. 
Differences in interindividual cryosensitivity might not only occur between samples 
from healthy and infertile donors but also between normal and subfertile individuals. 
Variables such as chromatin condensation are known to vary significantly not only 
between individuals (Huret 1986; Evenson et al., 1991), but also between 
spermatozoa from the same ejaculate (Bedford et at., 1973; Witkin et al., 1977; 
Rosenbusch and Sterzik, 1994) which is caused by differences in stabilisation by 
disulphide bonds (Blazac and Overstreet, 1982). The mechanisms for changes in the 
percentage of the native DNA after cryopreservation are still unclear. It might be 
related to the disturbance in DNA-protamine interaction and redox-oxidative changes 
in disulphide bonds caused by cryopreservation. These changes are more likely to 
affect the future development of the embryos. It was shown previously that 
spermatozoa with anomalies in sperm chromatin packaging, despite being 
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morphologically nonnal, were common for subfertile men (Hammadeh et al., 1998; 
Highland et ai., 1991; Sakkas et ai., 1998; Esterhuizen et ai., 2000; Bianchi et ai., 
1996) or to couples with unexplained infertility (Gopalkrishnan et ai., 1999; Host et 
ai., 1999). It is interesting to note that when rainbow trout was studied with the help 
of the comet assay, there were no significant differences between fresh and 
cryopreserved samples for some donors, but almost half of the frozen-thawed samples 
did have an increasein damaged nuclei (Labbe et ai., 2001). Because the definition of 
sub fertility or infertility is more obscure for non-human species than for humans, it is 
difficult to say whether the differences in cryoresistance between different trout 
individuals were in group of "nonnal" fish or were caused by the hidden sub fertility 
of some studied fish. 
Some work on the impact of cryopreservation on the genome has been carried out 
using Feulgen dye A decrease of DNA-Feulgen content after cryopreservation was 
estimated and was explained as a result of overcondensation (Royere et al., 1988; 
Royere et ai., 1991; Hammamah et al., 1990). If cryopreservation can cause 
overcondensation, then decondensation after fertilisation might also be affected. 
Pasteur et ai. (1991), studying decondensation of human spenn chromatin in vitro 
with the help of the detergents sodium dodecyl SUlphate (SDS) and dithiothreitol 
(DTT), demonstrated significant changes after cryopreservation. Although 
decondensation processes even in normal conditions are not fully understood (Pasteur 
et ai., 1991), the key event is connected to the disruption of disulphide cross-linkages 
established between cysteine molecules ofprotamines (Perreault et ai., 1984). Based 
on the fact that SDS and DDT were less likely to cause decondensation after 
cryopreservation it might be suspected that freezing-thawing of spenn induces 
changes in S-S bonds and/or causes denaturation that prevents the biochemical action 
of SDS on the proteins. 
Summarising data obtained by DNA staining methods, some conclusions can be 
drawn. Cryopreservation of spermatozoa might be responsible for some imbalance in 
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DNA-protamine interactions that leads to changes in the degree of condensation. 
Affects on the status of thiol bonds might be one of the possible explanations. Thiol 
status was investigated during cryopreservation of boar sperm (Courtens et ai, 1989) 
and an increase in SH groups after cryopreservation was established. However, more 
investigations are needed to confirm the results for other species, since it was shown 
that parameters such as the degree of condensation (Perreault et aI., 1988; Bedford et 
al., 1973; Mahi and Yangimachi, 1975) and type ofprotamines (Calvin 1976; McKay 
et al., 1985, 1986; Corzett et al., 1987; Hecht 1988) vary significantly between 
different species. It has been postulated that poor packaging and/or damaged DNA 
may contribute to the failure of sperm decondensation and, consequently, result in 
fertilisation failure (Sakkas et aI., 1996). Another possibility for causing the 
disturbance in DNA after cryopreservation is the effect of the cryotechnique on the 
overall metabolism of the cell. Cryopreservation is known to disturb calcium 
transport through the cellular membrane (Bailey and Buhr, 1993). An increase in 
intracellular calcium can raise the frequency of nuclear DNA breaks through nuclease 
activation (Epe 1993), together with the production of free radicals, that are known to 
be harmful via lipid peroxidation (Leibovitz and Siegel, 1980; Rao and David, 1984). 
1.3.1.2 Study ofthe sperm genome at the chromosomal level 
All studies mentioned above analysed the whole sperm sample after cryopreservation. 
As a result both viable and nonviable cells in the ejaculate were subjected to the 
staining. It is, therefore, difficult to know whether the measured percentage of native 
DNA was obtained from live and motile cells or dead and immotile cells. In this case, 
it is difficult to draw conclusions as whether cryopreservation causes changes in 
condensation directly in motile sperm, or it is a secondary change reSUlting from 
necrotic or apoptotic processes caused by the cryopreservation. To overcome this 
problem other types of studies have been carried out using artificial insemination as a 
tool for separation of viable and nonviable sperm. The human sperm-hamster oocyte 
system was used and chromosomal abnormalities were studied after the first cleavage 
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(Okada et aI., 1995; Chemos and Martin, 1989). Unfortunately, the factor evaluated 
in these studies is not sensitive enough to exclude the presence of moderate effects of 
cryopreservation on the genetic structure. No changes in the level of chromosomal 
aberrations were registered in these studies after cryopreservation. 
It is important to point out that the cleavage and proper distribution of chromosomes 
are driven by the centrosome apparatus (Sathananthan et al., 1997) that is usually 
contributed to the oocyte by spermatozoon during fertilisation (Moomjy et ai., 1999; 
Sutovsky and Schatten, 2000; Colombero et ai., 1999). For all organisms from sea 
urchin (Schatten et ai., 1986) to human (Palermo et al., 1994, 1997) the centriole is 
contributed to the oocyte by the spermatozoon. The only known exception to this rule 
is found among rodents (Schatten et al., 1986; Sutovsky et aI., 1996b; Sutovskyand 
Schatten, 2000) where the centriole is located in the oocyte and spermatozoa are not 
responsible for the delivering this organelle. Therefore, rodents are considered in 
these circumstances as a poor model (Sutovsky et ai., 1996b). In the studies cited 
above (Okada et at., 1995; Chemos and Martin, 1989) fertilisation was carried out 
between species that have different principles of centriole organisation. If it was 
presumed that cryopreservation caused some damage to the centriole of human 
spermatozoon, then it would not be noticed in the human sperm-hamster oocyte 
system. Unfortunately no literature has been found to study the impact of 
cryopreservation on the centriole of sperm or other reproductive cells to date, 
although elements of the centriole such as microtubules and spindle are known to be 
affected by some cryoprotectants and cooling in the oocytes (Pickering and Johnson 
1987; Magistrini and Szollosi, 1980). 
The lack of evidence for this effect therefore results from inadequate methodology or 
experimental designs for evaluation of the criteria or sample size. Nevertheless, an 
analysis by the French CECOS Federation on 11,535 pregnancies conceived by 
artificial insemination using donor spermatozoa showed that while the global 
incidence of birth defects was similar to that of natural conception, an elevated 
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incidence of trisomy 21 was observed in the cases where cryopreserved spermatozoa 
were used (Thepot et al., 1996). Another study demonstrated a significant increase of 
chromosomal aberration in lCSI oocytes when frozen or freeze-dried mouse 
spermatozoa were used (Kusakabe et al., 2001). These authors suggest that freezing 
and thawing per se does not appear to damage DNA, but DNA damage is induced by 
mechanical or oxidative stress after thawing. They proposed that the release of 
endogenous nucleases from plasma membrane-damaged spermatozoa as the most 
likely cause of structural chromosome aberrations. 
1.3.1.3 Long-tem1 study of the effect of cryopreservation on the sperm genome 
Another group of studies was carried out on offspring derived from cryopreserved 
spermatozoa. One study was carried out to determine whether the cryopreservation of 
African catfish (Clarias gariepinus) spermatozoa has an effect on the survival of 
specific genotypes (Van der Bank and Steyn, 1992). Using an enzyme, glucose 
phosphate isomerase, as a genetic marker, these authors undertook a comparative 
genetic study of domesticated and wild catfish populations. Significant deviations 
from expected Hardy-Weinberg proportions occurred when the offspring were 
obtained by using cryopreserved milt. The authors concluded that semen 
cryopreservation could be used as a tool for aquacultural selection purposes - not 
only for the fittest sperm, but also for individuals having the maximum genetic 
variation (heterozygotes) at their disposal to cope with their artificial environment. 
However, these results were not confirmed in another almost identical study carried 
out by the same investigators (Van der Walt et al., 1993). The second study showed 
that cryopreservation of semen did not influence selection for specific allele 
combinations. The authors concluded that the differences were due to different 
cooling rate used in different studies (5°C/min was used as opposed to 8°C/min in the 
previous study). According to the authors 5°C/min is responsible for 10% higher 
sperm survival compared to the cooling rate gOC/min. The lower sperm survival 
obtained by using a freezing rate of 8°C/min could possible have been responsible for 
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the high degree of selection induced by using this specific freezing rate (Van der Walt 
eta!.,1993). 
More studies have addressed the survival of fish embryos derived from cryopreserved 
sperm. Neifakh et at., (1988) reported a slight but significant increase in the mortality 
of diploid embryos of carp (Cuprinus carpio) and loach (Misgurnus fossilis) derived 
from cryopreserved sperm. The dominant lethal mutation test has been widely used as 
a means of estimating genetic effects of a mutagen (Matsuda et aI., 1989). The 
increased mortality of embryos after the stage of late blastula is considered as a 
reliable indicator of genotoxic effects on the reproductive cells before fertilisation in 
aquaculture (Cherfas and Zoy, 1984). Long term analyses, not only during the period 
of embryo development, but even longer including postembryonic and late adulthood, 
can be quite sensitive for the detection of some genetic related effects. Unfortunately, 
for human and other mammal species as opposed to fish, the investigations of long­
term effects are difficult and concern only relatively small popUlation samples. 
The survival of androgenetical haploid embryos was evaluated for carp after sperm 
cryopreservation and fertilisation of X-ray inactivated oocytes (Kopeika et at., 1994). 
Embryonic mortality was significantly higher after fertilisation with cryopreserved 
sperm than in controls, this was interpreted as evidence of genetic failure. 
The possible genotoxic effect of cryopreservation has not been considered until now 
from the point of view of the induction of direct changes in the structure of specific 
genetic elements. But the influence on the genome could be achieved even without 
direct damaging effect to the genome itself. An effect on the genome could be 
realised indirectly through selective pressure on the popUlation of cells. Even the 
optimum protocol of cryopreservation brings death to some cells in the suspension. 
The survival of cells during cryopreservation is not necessarily a random process and 
there are specific criteria that make cells more or less cryoresistant. There are many 
reports in the literature about the differences in cryoresistance between species (Holt 
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2000), between different strains within one species (Tada et aI., 1990; Schmidt et al., 
1987; Dinnyes et al., 1995; Pomp and Eisen, 1990; Songsasen and Leibo, 1997; 
Nakagata and Takeshima, 1993) and even between different individuals within one 
population (Beatty et al., 1976; Thurston et ai., 2002). Such heterogeneity (Curry 
2000) in any frozen object whether it is sample of spermatozoa, oocytes or embryos, 
will lead to the survival of those cells that possess the "better" structure. This may 
cause selection on the basis of definite sets of characteristics. However, what exactly 
will be selected is not yet clear. It was shown that rooster spermatozoa with better 
cryoresistance have the better membrane permeability (Ansah and Buckland, 1982; 
Fujiara et al., 1995). Thus, investigations are needed on whether this type of selection 
would affect some other phenotypic characteristics of future progeny. Although there 
are already some data about morpho-functional changes in the progeny derived from 
cryopreserved reproductive cells or embryos (Dulioust et al., 1995; Savushkina and 
Zvetkova 1994; Savushkina et ai., 1996 Van der Bank and Steyn 1992; Van der Walt 
et al. 1993; Nakatsukasa et ai., 2001), the mechanism of this is still not clear. 
1.3.1.4 Summary on spermatozoa studies 
Some conclusions can be drawn from studies carried out so far: 1) Cryopreservation 
of sperm can cause some disturbance in the degree of chromosome condensation, but 
it varies between different species and different individuals. Spermatozoa from 
healthy donors tend to be more cryoresistant and in most cases do not show any 
changes. Changes in the degree of condensation are more like to be connected to the 
imbalance in DNA-protamine interaction. More investigations are needed to study 
this factor in more species, to determine the exact mechanism of the imbalance in 
condensation, to study whether the changes in condensation caused by 
cryopreservation are reversible or whether they play any significant role in the further 
development of embryos. 2) Based on the comet assay study it can be speculated that 
some single strand breaks in the DNA are possible. Other methods need to be applied 
to study this further. It seems that single strand breaks do not necessarily happenand 
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their production is more likely to happen in samples from individuals with fertility or 
sub fertility problems. More direct studies on DNA damage after cryopreservation 
need to be done. 3) Some chromosomal aberrations, such as trisomy, have been 
reported, and again more studies are needed on different species. There has not been 
any research carried out on the effect of cryopreservation on the sperm centriole, 
damage of which may cause faulty distribution of the chromosomes at cell division. 
4) Conflicting results have been obtained with embryos derived from cryopreserved 
sperm. More studies are needed on such embryos because it is important not only to 
find changes in the genome of spermatozoa, but also to assess whether these changes 
contribute to the future offspring. Evaluation of embryos can be used as a tool to 
separate the viable and motile spermatozoa from the non-viable ones in the same 
ejaculate. 
1.3.2 Cryodamage of oocyte genetic material 
The oocyte is another reproductive cell essential for the successful development of a 
future organism. Oocytes not only contribute genetic information for the developing 
embryos, but also provide them with energy, nutrients and mitochondrial genome. 
The eggs of most animals are giant cells, containing sets of all the materials needed 
for initial development of the embryo until they reach the stage of self-feeding. Eggs 
are typically spherical or ovoid, with a diameter of about 100 /lm in humans and sea 
urchins (whose feeding larvae are tiny), 1 mm to 2 mm in frogs and fishes, and many 
centimetres in birds and reptiles. A typical somatic cell, by contrast, has a diameter of 
only about 10 or 20 /lm. The egg cytoplasm contains nutritional reserves in the form 
of yolk, which is rich in lipids, proteins, and polysaccharides, and is usually 
contained within discrete structures called yolk granules. In some species each yolk 
granule is membrane-bounded, whereas in others it is not. In eggs that develop into 
large animals outside the mother's body, yolk can account for more than 95% of the 
volume of the cell. In mammals, whose embryos are largely nourished by their 
mothers, yolk content can be small. Another distinctive characteristic of the egg is its 
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coat. It is a specialised form of extracellular matrix consisting largely of glycoprotein 
molecules, some secreted by the egg and others by surrounding cells. In many species 
the major coat is a layer immediately surrounding the egg plasma membrane. This 
layer protects the egg from mechanical damage, and in many eggs it also acts as a 
species-specific barrier to spermatozoa, admitting only those of the same or closely 
related species All these peculiarities of oocytes make them different from other cells 
and have created problems in applied cryobiology. Cryopreservation of mammalian 
oocytes by controlled slow freezing or vitrification still has some limitation in 
success. Live offspring have been obtained from frozen-thawed mouse (Whittingham 
1977; Glenister et al., 1987), rabbit (Al-Hasani et al., 1989; Vincent et al., 1989), 
human (Chen 1986; Van Uem et al., 1987), and cow (Fuku et aI., 1992) oocytes. 
However, cryostorage of non-mammalian oocytes including those from fish still 
presents a major challenge for cryobiologists. 
1.3.2.1 Study of oocytes at the chromosomal level 
Polyploidy 
Most oocyte studies devoted to the effects of cryopreservation on the genome have 
reported the induction of chromosomal anomalies. There is convincing evidence that 
cryopreservation of mouse as well as human oocytes can cause increased polyploidy 
(Bouquet et al., 1992, 1993; Van der Elst et al., 1988; Park et aI., 1997; Carroll et aI, 
1989; Glenister et al., 1987) that might result from polyspermic fertilisation or 
retention of the second polar body. The only work where polyploidy was not 
significantly affected by cryopreservation was reported by Sterzik et al., (1992). 
However, the level of polyploidy in this work was initially very high, and according 
to Sterzik et al. (1992), this might have been due to the high dose (10 IU) of pregnant 
mare serum gonadotropin (PMSG) used for stimulation of oocyte maturation 
combined with the use of a high sperm concentration. It is well documented that the 
high doses of gonadotrophin and high sperm concentrations are known to stimulate 
polyploidy itself (Ma et ai., 1997; Maudlin and Fraser, 1977). Another reason for the 
62 
contradicting results in the level of polyploidy might be connected with the fact that 
the authors used different lines of mice in their experiments and the estimated 
differences might have resulted from interline differences. It was also shown that 
sperm and/or egg genotype might severely affect the incidence of chromosomal 
anomalies after in vitro fertilisation (Maudlin and Fraser, 1978). Age of mice used in 
the experiments also could have an impact. Sterzik et aI, (1992), who did not get 
significant increase in polyploidy, used older animals. The authors also admitted that 
different cryopreservation methods may also produce better results. The use of 
sucrose in the cryoprotectant solution might be another possible explanation for the 
absence of increased polyploidy. Apart from its osmotic activities, sucrose may 
interact with the zone pellucida or the oocyte membrane reducing the rate of 
fertilisation by more than one spermatozoon. However, when other authors (Van der 
Elst et al., 1988) used sucrose in their protocol, it did not protect oocytes from 
increased levels of polyploidy. The reason for the increased polyploidy after 
cryopreservation is still not clear. Two main explanations were put forward: the first 
explains polyploidy as a result ofpolyspermic fertilisation that becomes possible after 
oocytes were subj ected to the freezing-thawing cycle. To check this hypothesis Bos­
Mikich et al., (1995) carried out the experiments and their results showed that 
polyploidy is more likely ofpate mal origin in cryopreserved oocytes after fertilisation 
in vitro. Van Blerkom and Davis (1994) also demonstrated that after cryopreservation 
of human M-II oocyte the dispermic fertilisation was 24%. The second explanation 
connects polyploidy with retention of the polar body in the oocyte. The disruption of 
spindles and/or microtubules prevents second polar body formation (Maro et ai., 
1986) and might explain the high rate of digyny (Bouquet et al., 1992; Carroll et ai., 
1989). The mechanism of polyploidy is likely to have multifactorial nature and in 
some cases polyploidy might be the consequence of polyspermic fertilisation that was 
possible as a result of the combination of particular cryopreservation protocol with 
species or strain characteristics; at the same time in other cases it could be as a 
consequence of retention of the polar body stimulated by extreme factors of 
cryopreservation. 
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Aneuploidy 
Aneuploidy has been studied extensively in relation to oocyte cryopreservation 
(Frydman et ai., 1997; Vincent et al., 1989; Pickering et al., 1990; Park et at., 1997; 
Sathananthan et al., 1988; Van der Elst et at., 1988). Conflicting results about the 
impact of oocyte cryopreservation on the incidence of aneuploidy have been obtained 
in studies that addressed a variety of factors such as maturity of oocytes, different 
species, individual factor, age of individuals, the regimes of cryopreservation, oocyte 
incubation condition, hom10nal stimulation etc (Kola et aI, 1988; Van Blerkom and 
Davis 1994; Bouquet et a11992; Sterzik et al., 1992; Van der Elst et ai., 1988; Bos­
Mikich et aI., 1995; Park et al., 1997). Although many factors have already been 
identified as affecting the level of aneuploidy, the optimum conditions to avoid the 
negative impact of cryopreservation on chromosomes are still not clear. Even so, it is 
important to understand the mechanism of severe chromosome abnomulities in order 
to be able to decrease the incidence of them; but in most cases they do not pose a 
direct threat to the offspring because of their lethal effect. More important is to 
understand whether cryopreservation causes sublethal damage where defective DNA 
may be passed on to future. 
1.3.2.2 Sister chromatid exchange studies on oocytes 
Sister chromatide exchange (SCE) is known to be a sensitive indicator ofmutagenesis 
(Perry and Evans, 1975; Carrano et aI, 1978; Latt and Schrenck, 1980). Bouquet et 
al., (1993) demonstrated a significant increase in average SCE in mouse embryos 
from frozen-thawed oocytes. Me2SO (l.5M) at room temperature caused a significant 
increase in SCE frequency. Although the understanding of the SCE process remains 
incomplete, a linear relationship between induced SCE and mutations has been shown 
(Wolff 1977). The common feature of agents that elevate SeE frequencies is an 
action on DNA, either directly or indirectly, via possible alterations in DNA 
replication or, chromatin structure (Latt 1981). This suggests that cryopreservation 
and/or pre-freezing manipulations might cause an alteration either in DNA structure 
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or oocytes components implicated in repair mechanisms (Bouquet et ai., 1993). 
Unfortunately no other results have been found in the literature where SeE rates were 
studied in oocytes after cryopreservation. However studies of SeE in other cells after 
cryopreservation - hamster ovary cells (Ashwood-Smith 1985; Sperling and Zeindl, 
1983) and human lymphocytes (Murli et al., 1987) did not show any significant 
changes. The controversy over results might arise because of different type of cells 
used in these studies. But because no other oocyte studies have been reported, more 
studies are needed before any finn conclusion can be made. Another technique of 
oocyte cryopreservation - vitrification - has been used in human and in mice. 
Vitrification is a method of directly transferring oocytes into liquid nitrogen after 
exposure to a high concentration of cryoprotectant solution (Rall and Fahy, 1985). In 
mice (Kola et ai., 1988) the number of viable IVF-derived foetuses was diminished, 
and the incidence of chromosomally aneuploid zygotes was increased, most likely as 
a result of disruption of the meiotic spindle. Moreover, foetal malfonnations, 
predominantly central nervous system-type defects, were significantly increased. 
1.3.2.3 Summary on oocyte studies 
In summary, from the results on cryopreservation of oocytes it is possible that the 
degree of genome damage in the female reproductive cells is higher than that in 
spenn. The oocytes provide the embryos not only with the infonnation about future 
development but also with the machinery to read and implement this infonnation. 
Expression of the genetic infonnation could be caused by disturbances in any of the 
following structures: DNA, protein-histones, cytoskeleton system, DNA repair 
system, and systems that regulate gene expression (imprinting, transcription 
apparatus etc.). Even though many studies data have revealed no noticeable 
malfonnations in newborn offspring after using cryotechniques (Tucker et ai., 1998; 
Porcu et ai., 1997, 1999; Jimenez 1997; Patrizio et al. 1995; Wakayama et aI., 1998; 
Yokoyama et al., 1990; Oyesanya et ai., 1992), the possibility of moderate genetic 
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lesions should not be excluded. Further experiments and long-term clinical studies 
should be carried out following the use of cryopreservation techniques. 
1.3.3 Cryodamage of embryos 
Embryo cryopreservation has become a routine procedure which is applied in many 
programmes. This technique can be lethal to some embryos but is not considered to 
have any delayed effect. However, recently, damage to the genetic material of 
embryos after freezing has been reported (Shaw et at., 1991; Bongso et al., 1988). 
Disruption of this integrity in embryos might engender not only obvious 
malformations but also disturbances without apparent changes in morphology. The 
second type of change only appears long after birth, and may manifest as functional 
disorders such as growth retardation, delayed appearance of early post-natal 
developmental landmarks, altered endocrine functions, cancer, reproductive problems 
or behavioural disorders (Auroux 2000). The fundamental difference between 
embryonic and reproductive cells is that the former are diploid and the later haploid. 
This may be considered advantageous for embryos as it is known that ploidy tends to 
increase resistance of cells to both mutagenic and non-specific stress factors (Cherfas 
and Zoy, 1984; Shachbazov and Gapchenko, 1990). Another important peCUliarity of 
embryo cells is imprinting that is under intensive alteration during early 
embryogenesis (Monk and Grant, 1990). Unfortunately, very little information on the 
effect of cryopreservation on the embryo genome can be found in the literature. 
Laverge et at., (1998) estimated the increased incidence of chromosomal aberrations 
in chromosomes X Y and 1 after cryopreservation of human embryo. (It is not clear 
from this study whether the chromosomal abnormalities found are due to the freezing 
and thawing process. The authors suspected that chromosomally abnormal embryos 
of nonnal appearance were being used in the study. Study of three different freezing 
methods (slow cooling with 1,2 propanediol, ultra-rapid cooling with dimethyl 
sulfoxide, ultra-rapid cooling with 1,2 propanediol) on two-cell mouse embryos 
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showed no significant increase in the incidence of aneuploidy and polyploidy 
(Bongso et ai., 1988). Although the level of mitotic crossing over was increased 
substantially in embryos frozen-thawed by the ultra-rapid cooling with dimethyl 
sulfoxide. Ishida et aI., (1997) who studied SCE in mouse embryos demonstrated that 
the number of SCEs was lowest in the group of embryos subjected to vitrification 
with ethylene glycol, Ficoll and trehalose after the shortest equilibration time (5 
minutes). 
Very recent studies all report an unexpectedly high incidence of Beckwith­
Wiedemann syndrome (BWS) in children conceived with assisted reproductive 
technologies. The found frequency is considered as extraordinarily high for such a 
rare congenital condition and such findings are reminiscent of reports of sporadic 
cases of the imprinting disorder, Angelman syndrome, which has also been linked 
with ARTs (Gosden et ai., 2003). 
In a long-term study, including pre-weaning development, adulthood and senescence, 
Dulioust et ai., (1995) compared several quantitative traits in mice derived 
cryopreserved and control embryos from two different inbred strains. Significant 
differences were seen in morpho-physiological, sensori-motor and behavioural 
features, including body weight, pre-weaning development, learning capacity and 
mandible morphometry, some of these features appearing in elderly SUbjects. 
Observed changes varied as a function of strain, sex and age. Since this report, a 
number of studies on children born from cryopreserved embryos have been published 
(Sutcliffe et aI., 1995; Olivennes et aI., 1996; Wennerholm et ai., 1997; Aytoz et al., 
1999). These authors all concluded that cryopreservation induced no major 
pathological features. However, some minor differences in mental development 
assesed on the base of Griffith's scale (Sutcliffe et aI., 1995) or in weight 
(Wennerholm et ai., 1998) were mentioned. Major studies are needed concerning the 
health of the progeny born using cryopreserved embryos not only for human but also 
for other species. 
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1.3.4 Cryodamage in other cells 
Although effect of cryopreservation does not have such a high importance for somatic 
cells as for reproductive cells, some information obtained in literature is useful in 
understanding the mechanisms of cryoinjury. Results obtained with somatic cells can 
be divided into two groups: the first group, where no negative effect of 
cryopreservation was observed (Sperling and Zeindl, 1983; Murli et al., 1987; 
Ashwood-Smith 1985; Pearson et al., 1990), the second, where there is evidence of a 
negative effect (Deneys et al., 1999; Polianskaya et al., 1990; Fairbairn et al., 1994; 
Ohnishi et ai., 1977; Tanaka et ai., 1979). It is difficult to make comparisons between 
the results of those two groups because different studies were carried out using 
different SUbjects. However, some results should be discussed here because they 
described factors that have not been described before. 
The frequency of chromosomal aberrations in skin fibroblasts increased with the 
duration of cell preservation in liquid nitrogen. Cells treated with Me2SO only 
(without cryopreservation) displayed an increased number of chromosomal and 
chromatid breaks and translocations (Polianskaya et al., 1990). There were several 
studies on bacteria and one on skin fibroblasts that showed the effect of 
cryopreservation on the genome to be strongly dependent on the repair system (Slor 
et ai., 1977; Ohnishi et ai., 1977; Tanaka et ai., 1979; Polianskaya et ai., 1990). 
Freeze-drying of Escherichia coli increased DNA strand breaks (Ohnishi et al., 
1977). Most of the damage was repaired in the radiation-resistant strain as opposed to 
the radiation sensitive one. The strain resistance to radiation was conditioned in this 
study by the presence of specific genes that make it different from the radiation 
sensitive strain in its capability to survive with the help of a more reliable repair 
system. Thus, the repair system might be one of the explanations for the interspecies 
differences in cryoresistance. Not only was the connection between cryoresistance 
and genetic characteristic of repair system estimated in this study, but also the 
68 
similarity of the genetic damage after cryopreservation and X-ray radiation was 
demonstrated. It was shown that similar elements of the repair system were involved 
in the repair process after these treatments (Williams and Calcott, 1982). It has been 
shown that cryopreserved lymphocytes were unable to repair hydrogen peroxide­
induced DNA strand breaks when compared with freshly isolated cells, though DNA 
strand breakage was not shown to increase during cryopreservation (Duthie et al., 
2002). 
Cryotechnologies are believed to allow a umque time suspenSIOn. But does the 
system subjected to the range of extreme factors of cryopreservation return to its 
initial status after thawing? Some doubts have emerged from recent studies about the 
possibility of "stopping time" with the help of low temperature storage. The variables 
that appear to reflect the induction of premature senescence has been studied for the 
retinal pigment epithelial cells after cryopreservation (Honda et at., 2001). Two 
reliable senescence markers, the combined senescence associated ~-galactosidase 
(SABG) activitylbromodeoxyuridine incorporation assay and the mean terminal 
restriction fragment length were used. A remarkable increase of single-strand DNA 
breaks in terminal restriction fragment (TRF) was found in the cryopreserved cells 
immediately after thawing. The rate of mean TRF shortening was accelerated after 
cryopreservation. Increased single-strand telomeric DNA breaks have been correlated 
with accelerated telomere shortening during replication, and accelerated entry into 
senescence (Von Zglinicki et al., 2000). It has been proposed that telomere shortening 
is the molecular clock that triggers senescence (Bodnar et al., 1998). Thus this data 
suggests that cryopreservation might cause telomere shortening and cellular 
senescence. Unfortunately, no more similar studies have been carried out. Further 
studies are needed to characterize this freezing induced senescence and to confirm 
these findings in other cell types. 
69 
, 

1.4 The present study 
The genome is a large and dynamic cellular system that, despite its reliability, can be 
quite sensitive to a variety of extreme factors. Cryopreservation is a complex 
procedure involving different extreme factors that usually cells do not meet in normal 
conditions. Therefore, the interaction between the genome and cryopreservation must 
be studied more carefully, not only with regard to structural damages but also to 
minor functional changes that can be triggered by human manipulation. So far there is 
still no firm conclusion about the effect of cryopreservation on the genome of any 
type of cells including reproductive cell. Data available in the literature are not 
systematic and are very controversial. There is no single direct study on DNA 
primary structure after cryopreservation (for example sequencing has never been 
done in cells before and after cryopreservation). Very limited studies have been 
carried out on the long-term effect of cryopreservation on reproductive cells and in 
the progeny. Where data has shown some negative effects of cryopreservation, these 
studies were mainly done using techniques for evaluation of DNA-protein 
interactions (staining methods) or indirect assessment of the integrity of DNA (comet 
assay, sister chromatid exchange etc). Many elements that are responsible for the 
integrity of the genome have never been the focus of investigation for effect of 
cryopreservation at all. Such structures as mitochondrial DNA, centrosome of 
spermatozoa, DNA repair system, imprinting (for animal cells) have never been 
studied following cryopreservation treatment. Systematic studies of genetically 
related structures are urgently needed. This kind of study is very important because 
methods of cryopreservation have become a routine part of the work schedule, 
different areas of human being activity including conservation biology, laboratory 
work, breeding programmes, agriculture and medicine. 
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1.4.1 The aims and approaches of this study 
The present study aIms to investigate whether cryopreservation including 
cryoprotectant treatments can directly cause structural changes in DNA, and to 
determine whether the cryotechnique applied to reproductive cells might have 
possible delayed effects on embryo development. Fish spermatozoa and embryos 
have been chosen as the subject for this study. The study can be divided into two 
main parts. 
The first part of the study will present indirect evidence of damage to the genome 
after the cryopreservation of weather loach sperm. Dominant lethality is chosen as a 
parameter of evaluation in the embryos derived from sperm treated with 
cryoprotectants or following cryopreservation. This approach allows the assessment 
of the population of cells that are capable of fertilisation by excluding the dead cells 
from the cohort of studied cells. As it can be seen from the literature review 
information on the delayed effect of cryopreservation would be valuable but it has not 
been studied systematically. More studies are necessary on embryos derived from 
cryopreserved reproductive cells from different species using a large popUlation of 
embryos. Fish used in the present study form an excellent subject in terms of 
statistical value, because of the large number of embryos available for each 
experiment. This cannot be obtained with any mammalian species. Another approach 
used in this part of the study is an artificial modulation of the activity of the DNA 
repair system. It gives not only evidence of the damage to the genome after 
cryopreservation but also some information on the possible mechanisms of this 
damage. The results on this are presented in Chapters 3,4 and 5. 
The second part of the study will concentrate on a more direct approach to detect, 
structural changes in the genome. It is important to remember that the genome is a 
large integrated system that relies on many components. Only coordinated work upon 
all of these components provides nearly error-free structural and functional integrity. 
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Only one element of the genome was chosen as an object for the present study; 
mtDNA from zebrafish blastomeres. Two main issues could be raised from this 
investigation. The first is whether cryopreservation can cause structural changes per 
se in a chemical compound such as DNA, and second if it has an impact on 
mitochondria. To the best of the author's knowledge it has never been studied before. 
Results on this study are presented in Chapter 6. 
1.4.2 The selection of subj ect material for this study 
Because cryoresistance of different cellular structures varies with different species 
and cell type, any systematic genetic study will benefit from the results for more than 
one species. This study is performed using fish. The part of study that involves 
observation of embryo development was undertaken on weather loach (Misgurnus 
tossilis). Because each pair of fish produces thousands of embryos that gives a good 
statistical value for genetic related study. The examination of embryogenesis does not 
need any special manipulation or facilities, except a microscope. Unlike in many 
mammals, fish embryos are transparent and can be easily observed in real time 
without killing them. Embryogenesis of this fish has been studied in some detail 
(Neifakh 1975). Embryos are very easy to rear and hatching occurs only in 2-3 days 
after fertilisation. Cryopreservation of loach sperm, and artificial fertilisation, are 
easy to achieve. Moreover, the adult fish are easy to keep in laboratory and 
reproductive cells can be obtained at any time. 
In the second part of the project, where a direct analysis of DNA was undertaken, the 
zebrafish was used. The zebrafish is a popular object in genetic studies and mtDNA 
of this fish has already been sequenced (It has not been done for the weather loach). 
Blastomeres used in this study were easy to obtain from zebrafish on a regular basis. 
The results obtained on the fish are important not only from the point of view of 
fundamental cryobiology, but also as a model for other fresh water fish species, 
reproductive cells of which are subjected to cryopreservation. Methods of 
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cryobiology are widely used in aquaculture and conservative programme on 
endangered species as a tool for creating a gene banks Therefore it is important to 
know to what extent the cryobanked material reflects the original genome. 
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Chapter 2: Materials and methods 
2.1 Introduction 
Several areas of study were covered by the project including studies on both direct 
and indirect evidence of genetic material damage in fish sperm and blastomeres 
following cryoprotectant treatment and cryopreservation. The studies of the 
indirect evidence of damage to the genome we carried out with weather loach 
(Misgurnus fossilis). The survival of weather loach (Misgurnus fossilis) embryos 
was evaluated after SUbjecting sperm to different treatments including studies on 
the effect of cryoprotectants and cryopreservation on the sperm of weather loach, 
the effect of the DNA repair inhibitor (3-aminobenzamide) and caffeine to the 
embryo survival following cryopreservation ofloach spermatozoa. A study of the 
direct evidence on genome damage was carried out with zebrafish (Danio rerio) 
blastomeres after cryoprotectant treatments andlor cryopreservation. Polymerase 
chain reaction (peR) and sequencing of mitochondrial DNA in blastomeres were 
applied and changes in DNA were evaluated. The experimental work took place in 
three centres. The work with weather loach was carried out at the Research 
Centre, University of Luton and The Institute for Problems of Cryobiology and 
Cryomedicine, Ukraine. Experiments on zebrafish blastomeres were carried out at 
both the Research Centre, University of Luton and The Human Genome Mapping 
Project, Cambridge. 
2.2 General methods 
2.2.1 Maintenance ofweather loach (Misgurnus fossilis) 
2.2.1.1 Weather loach care 
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Weather loach (Misgurnus fossilis) were collected from the natural habitat of the 
river Severniy Donez in the Ukraine. Loach were maintained in indoor fac ilities 
according to procedures described by Neifakh (1975). Males and females were 
kept separately in hibernated conditions (at 4 °C in the dark). Males are easily 
recognised with the presence of skin elevation at the back of the body close to the 
caudal fin. It has a more intensive brown or even red pigmentation. Tap water 
aged for 3 days was used as tank water and tank water was changed daily. 
Plate 2.1. Female of weather loach (Misgurnus fossilis) 
2.2.1.2 Stimulation of fish maturation 
Three days before an experiment, males and females were moved to separate fish 
tanks at 18 °C under natural light conditions. No food was provided during this 
peliod. Females were then injected with chOlionic gonadotropin (Profasi) (300 U 
per female and 100 U per male) (Neifakh 1975). 1500 U of dry hormone was 
dissolved in 200lli of deionised water. Female fish ( Plate 2.1) were taken from 
the water and dried with tissue paper. The injection was made intramuscularly in 
the cranial part of the body. The injecting was performed slowly and gentle 
rubbing was made afterwards to the place of injection to avoid injected hormone 
to be leaked out because of mussel construction. After injection the fish was 
placed back to water. Ovulation normally occurs 38-43 h after injection. Males 
were not normally stimulated. 
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2.2.1 .3 Sperm preparation and cryopreservation 
When females became mature (eggs could be easily stripped), males were 
sacrificed and the testes removed. Care must be taken to avoid milt contact with 
water. Milts (Plate 2.2) were cut into small pieces avoiding contamination with 
urine, faeces and blood. 
I 2.5 eml 

Plate 2.2 Freshly extracted milts of weather loach (Misgurnus fossilisj 
Each sample of homogenised milt was suspended in 3.6 ml of extender (39 mM 
tris-base, 29 mM NaCI, 11 mM CaCh, 2 mM NaHC0 3, 2 mM KCI, 139 mM 
mannitol, 24 mM sucrose, pH 8.1). For cryopreservation this sperm suspension 
was mixed with an equal volume of cryoprotectant solution (2 M ME2S0 made up 
with extender) making final concentration of ME2SO 1.4 M. After mixing with 
cryoprotectant media samples were kept at 4 °c for 30 min. Cryoprotectant 
treated sperm samples were then transferred into ependorf tubes and frozen in 
liquid nitrogen vapour (4 °C to -15 °C at a rate of 2 °C/min, fro m - 15 °C to -70 
°c at IS-20 °C/min) followed by direct immersion into liquid nitrogen. Freezing 
rate was monitored with a thermocouple and recorded by means of H-307 
plotting. Thawing was carried out by placing the tubes into a water bath at 40 °C 
for 5 seconds and then in air at 21 °c. 
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2.2.1.4 Collection of eggs 
All egg collection was made just before fertilisation. For collection of eggs, 
females were taken out of the water. All water was carefully wiped from the fish 
body. Eggs were stripped into clean and dry Petri dishes with the help of 
abdominal massage distributing pressure from cranial end of abdomen towards 
caudal end (Plate 2.3). The diameter of a mature egg is 1.17-1.30 mm. The 
approximate quantity of eggs from each female is 10 thousand eggs. Egg quality 
was assessed visually and only those of good quality (transparent, yellowish in 
colour and without blood) were used in the experiments. 
Plate 2.3 Collection of weather loach eggs 
2.2. 1.5 Artificial fertilisation and treatment of embryos 
Eggs from each female were divided in equal portions. Eggs were fertilised by 
mixing each portion with 1.0 ml fresh or 1.4 ml cryopreserved sperm suspension 
and 5 ml of activating media (42 mM NaHC03) in Petri dishes. After mixing the 
reproductive cells the Petri dish was slowly vortexed for 2-3 minutes. Higher 
volumes of cryopreserved sperm suspension were used to retain motile sperm to 
egg ratio, as the motility of sperm after cryopreservation was 50-60% compared to 
90% obtained from fresh sperm. After fertilisation the embryos were treated in 
different ways for different experiments. 
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2.2.1.6 Embryo viability assessment 
Evaluation of embryo survival provides a useful and natural endpoint indicator for 
investigation of ferti lisation and early embryo development, and an appropriate 
fish model in which a large number of embryos can be studied in a short period of 
time. All details on loach embryo stages are given in Appendix A. In this study, 
mortality of embryos after the 20th stage of development was regarded as a failure 
of development, rather than fertilisation, because at this point all unfertilised eggs 
would have been discarded. Parthenogenetic eggs, that are capable of mimicking 
the normal embryos, usually die in the first few hours of embryo development and 
with very rare exceptions some of them can survive until the 19th stage at the 
latest (Neifakh and Lozovskaya, 1984). Since experimental conditions for all 
embryos remained consistent throughout the experiment, it was assumed that any 
decrease in embryo survival in an experiment group after the 20th stage was as a 
result of the experimental treatment of the sperm, and possibly due to genome 
damage. The study of the survival of androgenetic haploid embryos of carp 
(Cuprinus carpio) obtained after fertilisation of X ray inactivated oocytes with 
cryopreserved sperm demonstrated that the decrease in embryo survival at the end 
of gastrulation stage was caused by genetic failure of the cryopreserved sperm 
(Kopeika et ai, 1994). In loach, the end of gastrulation is at the 20th stage, and 
decreased embryo survival after the 20th stage was taken as indirect evidence of 
genetic failure. Embryo survival and development was assessed by visual 
inspection at different stages. Embryo water was changed after each inspection. 
Unfertilised eggs and dead embryos became opaque due to necrosis and were 
removed (Plate 2.4). 
Plate 2.4 Dead embryos or unferti lised eggs look 
opaque 
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The stage of embryo development was estimated under the microscope according 
to Neifakh (1975). Embryos were classified based on their development at 21°C. 
Each embryo development stage has an ordinal number, which is identical to the 
hour of development after fertilisation until the 33rd stage. After this stage the 
number of embryo development stage and number of hours of development is no 
longer the same. The table with embryo developmental stages is in Appendix A. 
For example, the 36th stage used in the present study relates to 46 hours of 
development. The physiological periods of embryo development for loach are: a ­
3/4th zygote period; 1st _ 5th cleavage period; 6th _ 9th blastula period; 10th _ 20th 
gastrulation; 21 st - 32nd organogenesis and 33rd - 3ih pre-hatching. Embryo 
survival was evaluated in terms of percentage survival. The initial quantity of 
eggs was regarded as 100% until the 20th stage. After the 20th stage, the 
embryonic survival was expressed in relation to the number of embryos survived 
at the 20th stage. 
2.2.2 Maintenance of zebra fish (Danio rerio) 
2.2.2.1 Zebrafish (Danio rerio) care 
Adult zebrafish (Danio rerio) 12-14 weeks old were obtained from local aquatic 
centres. They were maintained in 45 I (28x28x58 cm) glass fish tanks at 28°C with 
approximately 30 fish per tank. One quarter of the tank water was replaced twice 
per week. Tap water aged for at least 2 days was used as tank water. The tanks 
were constantly aerated. Filtration of the water in the tanks was carried out by 
using an electric pump connected to an upturned funnel which was surrounded by 
filter floss in a beaker (1 I) immersed in the fish tank. The funnel and floss were 
held in position by a layer of smooth gravel. Water was pulled through the gravel 
and floss by the suction effect generated by the rising air. Fish were fed twice per 
day with dry flake food Tetra brand (ingredients: fish and fish derivatives, cereals, 
yeast, vegetable protein extracts, molluscs and crustaceans, oils and fats, 
derivatives of vegetable origin, algae, various sugars contains EEe permitted 
colorants). Controlled day-night cycle was applied (14 hr lightll 0 hr dark). 
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2.2.2.2 Breeding 
Females and males were kept together with a ratio of 1 :2-3. A glass tray covered 
with a plastic net and plastic grass was placed at the bottom of the tank to trap 
eggs. The eggs were removed the following morning since spawning was induced 
by the first light of the morning. Pairs of male and female or trios of one female 
and two males swam closely together and the male pressed and curved his body 
around the female and fertilised her eggs as they were laid. The eggs fell through 
the net and kept away from the cannibalistic parents. Embryos collected in the 
morning were then placed in tank water at 28°C and kept incubated for 5-5.5 
hours until the 50% epiboly stage. 
2.2.2.3 Preparation ofblastomere culture 
Intact embryos at 50% epiboly stage were washed with phosphate buffered saline 
(PBS) and placed into a 6-well tissue culture dish containing 2mg/ml Protease 
(from Streptomyces griscus) (made up in PBS) solution for 20 min until the 
blastoderms separated from the yolk. Mechanical separation was used as well for 
removal of the yolk. It was done with the help of watch forceps and pipette 
suction. The blastoderm suspension was washed twice in PBS (centrifuge for 10 
min at 3000 rpm). After the last centrifugation the supernatant was discarded and 
pellet was used for the further treatment. 
2.2.3 Chemicals 
Information on the chemicals used in this and viability assessment study is listed 
in Table 2.1. Fresh aqueous solutions were prepared in deionised water shortly 
before their use 
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Table 2.1 Sources and purity of the chemicals used in this study 
Compound 
New-born Calf serum 
NaCI 
KCI 
CaCh 
NaHC03 
Tris-base 
D-mannitol 
Methanol 
Dimethyl sulfoxide 
(ME2S0) 
Glycerol 
Ethylene glycol 
Propan-1,2-diol 
2-propanol 
Sucrose 
Caffeine 
3-Arninobenzamide 
Proteinase K 
from Tritirachium album 
Protease from 
Streptomyces griscus 
Lauryl sulphate (SDS) 
Polyethylenglycole 
Agarose 
Ethanol 
Source 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
Aldrich Chemical Co. Ltd 
BDH Limited Pool, England 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
BDH Limited Pool, England 
SIGMA Chemical Company 
BDH Limited Pool, England 
Aldrich Chemical Co. Ltd 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
SIGMA Chemical Company 
BDH Limited Pool, England 
SIGMA Chemical Company 
SIGMA Chemical Company 
Purity 
Cell culture reagent 
99.5% minimum 
99.9% minimum 
98% minimum 
99.5% minimum 
99.9% minimum 
99% 
99% 
99.5% minimum 
99.5% 
99% minimum 
99.5% 
99% 
AnalaR 
98.5% 
99% minimum 
activity about 2.63 
Anson (1938) units per 
gram 
99% 

99% 

99% 
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Gene-PAGE plus, AMRESCO 
5.0% 6M urea 
TEMED SIGMA Chemical Company 99% 
Agarose Multi-Purpose Bioline 
Tenninator mix Bioline 
Ethidium bromide SIGMA Chemical Company 99.5% minimum 
Hyperladder I Bioline 
DNTP's Bioline 
MgCh SIGMA Chemical Company 99.5% minimum 
BioTaq DNA Polymerase Bioline Cone 5uJl-ti 
Chorionic gonadotropin (Laboratories Serono SA, 
(Profasi) Switzerland or Sigma, UK) 
2.2.4. Data analyses 
2.2.4.1 Experimental design and statistical analysis 
A multifactorial design was applied. The multi factor ANOV A test was used to 
examine the differences between the mean values of embryo survival following 
different treatments or/and between different individuals (p<O.Ol). If significant 
differences were shown, Duncan's mUltiple range test was used post hoc to 
determine pairwise differences between treatments and/or individuals (p<0.05). 
The fit of the model with the data was checked with a nonnality test. 
Homogeneity ofvariance was confinned to detennine if the ANOVA assumptions 
were valid. All statistical analysis was carried out using Statgraf (Statistical 
Graphics System Version 2.1, Statistical Graphics Corporation). 
2.3 Studies on the genotoxicity of dimethyl sulfoxide, ethylene glycol, methanol 
and glycerol on loach (Misgurnus fossilis) spenn and the effect on subsequent 
embryo development 
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2.3.1 Preparation of sperm 
7 females and 10 males were injected with chorionic gonadotropin Profasi 300 U 
per female and 100 U per male. Ten males were decapitated and testes were 
extracted. Milts were mixed and homogenised avoiding contamination with urine, 
faeces and blood. Homogenised milts were divided into 16 equal samples. 
2.3.2 Treatment of sperm 
4 samples were used as a control and equilibrated in iso-osmotic extender for 1 
hour at 10 ° C. For cryoprotectant treatment 12 other samples of sperm were 
equilibrated in one of the following solutions: solutions of ME2SO, ethylene 
glycol, methanol or glycerol in 0.6M, I.2M, or 2.5M concentrations for 1 hour at 
10°C (Table 2.2). The osmolarity of all solutions were measured usmg an 
osmometer (OMKA lZ-01 "Medlabortechnika" Odessa, Ukraine). 
2.3.3 Fertilisation and embryo viability assessment 
4 females were used for the experiments. Eggs from each female were divided 
into 4 equal portions. Eggs were fertilised by mixing 300mg of egg + 0.6ml of 
sperm suspension + 2.4ml of activating medium (0.35% NaHC03) in Petri dishes. 
Both control and cryoprotectant treated sperm were used in these experiments. 1 
hour after fertilisation the solution mixture was replaced with aquarium water. 
Each sample was then divided into 4 equal parts. Embryo viability was assessed at 
ih, 14t\ 17t\ 20th, 23rd, 26t\ 315\ 34th, 35th , 36th, and 37th stages by visual 
inspection. 
83 
Table 2.2 Scheme for the experiment on weather loach (Misgurnus fossilis) 
treated with cryoprotectants 
Number of Petri dish Contents of Petri dish for each treatment 

1 Fs+ female 1 

4 replicates were used for each treatment. 

Fs fresh sperm suspension 

Female 1,2,3 or 4 - eggs from individual female 

S - sperm equilibrated with one of the following solutions: 0.6, 1.2 or 2.5 M GI, 

EG, Me2S0 or Me 

Me2S0 - dimethyl sulfoxide 

EG - ethylene glycol 

Gl- glycerol 

Me - methanol 

2 Fs+ female 2 

3 Fs+ female 3 

4 Fs+ female 4 

5 S Me2SO 0.6M + female 4 

6 S EG 0.6M+ female 1 

7 S GI 0.6M+ female 2 

8 S Me 0.6M+ female 3 

9 S Me2S0 I.2M+ female 3 

10 S EG 1.2M + female 4 

11 S GI l.2M+ female 1 

12 S Me 1.2M + female 2 

13 S Me2S0 2.5M+ female 2 

14 S EG 2.5M + female 3 

15 S GI 2.5M+ female 4 

16 S Me 2.5M+ female 1 
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2.4 Effects of caffeine on the DNA repair system and embryo survival following 
cryopreservation ofloach (Misgurnusfossilis) sperm 
2.4.1 Sperm preparation and cryopreservation 
Seven females and ten males were injected with chorionic gonadotropin (Profasi). 
Forty-three hours after the injection, when females could be easily stripped, eight 
males were decapitated and the testes removed. Each sample of homogenised milt 
was suspended in 3.6 ml of extender. A total of 16 Petri dishes were then prepared 
with 8 Petri dishes containing 0.5 ml extender each and 8 Petri dishes containing 
0.7 m! extender + 20% ME2SO. Samples of milt suspension were mixed with the 
equal volume of solutions described above in all 16 Petri dishes to give a total 
volume of 1.0 ml for the 8 control samples and 1.4 ml for cryoprotectant treated 
samples (final concentration 10% ME2SO). The larger volume of cryoprotectant 
treated samples was needed to retain the motile sperm per egg ratio after 
cryopreservation. All samples were kept at 4 °C for 30 min. Eight cryoprotectant 
treated sperm samples were then transferred into ependorf tubes and frozen in 
liquid nitrogen according to the procedure described above. 
2.4.2 Fertilisation and treatment of embryos 
Four females that gave the best quality eggs were used for this study. Four equal 
portions of eggs were used from each female giving 16 portions in total 
(approximately 2000 eggs in each portion). Eggs were fertilised by mixing each 
portion with 1.0 ml fresh or 1.4 ml cryopreserved sperm suspension and 5 ml of 
activating media (42 mM NaHC03) in Petri dishes. Higher volumes of 
cryopreserved sperm suspension were used to retain motile sperm per egg ratio, 
because the motility of sperm after cryopreservation was 50-60% compared to 
90% obtained from fresh sperm. After fertilisation the embryos were treated in 
one of two ways: 90 seconds after fertilisation, 5 ml of tank water was added into 
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4 Petri dishes with embryos derived from fresh sperm and 4 Petri dishes with 
embryos derived from cryopreserved sperm; at the same time, 5 ml of 2.6 mM 
caffeine in tank water was added to the remaining 8 Petri dishes. One hour after 
fertilisation the solutions in all Petri dishes were replaced with tank water. All 16 
samples were then divided equally into 4 parts, each consisting of approximately 
500 embryos. The scheme of experiment is given in Table 2.3. Embryos were 
incubated at 21°C for 46 hours until the hatching stage. A total of 32,313 embryos 
were examined in this study. Embryo survival and development was assessed by 
visual inspection at 6th , 14th, 20th, 25th , 28th , 301\ 33rd, 36th stages. 
2.5 Effect of DNA repair inhibitor (3-Aminobenzamide) on embryo survival 
following by cryopreservation of loach (Misgurnus fossilis) spennatozoa 
2.5.1 Sperm preparation and cryopreservation 
Seven females and ten males were injected intramuscularly with chorionic 
gonadotropin 300 U per female and 100 U per male. Each sample of homogenised 
milt was suspended in 3.6 ml of extender. A total of 25 Petri dishes were then 
prepared; 15 Petri dishes containing O.4mI extender each and 10 Petri dishes 
containing 0.6ml extender + 20% (w/v) ME2SO. Equal volumes of milt 
suspension were mixed with the solutions described above in all 25 Petri dishes to 
give a total volume of 0.8ml for the 15 control samples and 1.2 ml for 
cryoprotectant treated samples (final concentration 10% (w/v) ME2SO). Higher 
volumes of cryopreserved sperm suspension were used to retain the motile sperm 
per egg ratio, because the motility of spenn after cryopreservation was 50-60% 
compared to 90% obtained from fresh sperm. All samples were kept at 4°C for 30 
min. 10 cryoprotectant treated sperm samples were then transferred into ependorf 
tubes and frozen in liquid nitrogen using the methods described previously. 
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2.5.2 Fertilisation and treatment of embryos 
Eggs from five females were used for the experiment. Eggs from each female 
were allocated to one of 5 equal portions (approximately 2000 eggs in each 
portion) giving 25 portions in total. Eggs were fertilised by mixing 2000 eggs, 
Table 2.3 Scheme for the experiment on weather loach (Misgurnus fassilis) with 
caffeine 
Number Contents Solution added 90 sec 
of after fertilisation 
treatment 
1 Fresh sperm from pool 1 +eggs from female 1 10ml clean tank water 
2 Fresh sperm from pool 2+eggs from female 2 10ml clean tank water 
3 Fresh sperm from pool 3+eggs from female 3 10ml clean tank water 
4 Fresh sperm from pool 4+eggs from female 4 10ml clean tank water 
5 Fresh sperm from pool 4+eggs from female 1 10ml of2.6mM caffeine 
6 Fresh sperm from pool I +eggs from female 2 10ml of2.6mM caffeine 
7 Fresh sperm from pool 2+eggs from female 3 10ml of2.6mM caffeine 
8 Fresh sperm from pool3+eggs from female 4 10ml of2.6mM caffeine 
9 Cryopreserved sperm from pool 3+egg from 10ml clean tank water 
female 1 
10 Cryopreserved sperm from pool 4+egg from 10ml clean tank water 
female 2 
11 Cryopreserved sperm from pool 1 +egg from 10ml clean tank water 
female 3 
12 Cryopreserved sperm from pool 2+egg from 10ml clean tank water 
female 4 
13 Cryopreserved sperm from pool 2+egg from 10ml of2.6mM caffeine 
female 1 
14 Cryopreserved sperm from pool 3+egg from 10ml of2.6mM caffeine 
female 2 
15 Cryopreserved sperm from pool 4+egg from 10ml of2.6mM caffeine 
female 3 
16 Cryopreserved sperm from pool 1 +egg from 10ml of2.6mM caffeine 
female 4 
4 replicates were used for each treatment. 
0.8 ml fresh or 1.2 ml cryopreserved sperm suspension and 5ml of activating 
media (42 mM NaRe03) in Petri dishes. After fertilisation the embryos were 
treated in one of three ways: (a) 3 minutes after fertilisation the embryo solution 
was distributed in 20 dishes, 10mI of tank water was added into 5 Petri dishes 
with embryos derived from fresh sperm and the 5 Petri dishes with embryos 
derived from cryopreserved sperm; (b) at the same time, 10ml of 10 mM 3­
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Aminobenzamide in tank water was added to the other 5 Petri dishes with 
embryos derived from fresh sperm and the 5 Petri dishes with embryos derived 
from cryopreserved sperm; (c) the remaining 5 Petri dishes with embryos derived 
from fresh sperm were treated in a different way. Immediately after fertilisation 
(within 90 seconds) 5.8ml of 1.379% ME2SO in tank water was added and 
subsequently discarded 3 minutes after fertilisation, being displaced by 10 ml of 
clean tank water. The scheme of experiment is presented in Table 2.4. This 
treatment was used to determine the effect of ME2SO on the eggs during 
fertilisation. Since fertilisation of eggs with cryopreserved sperm usually involves 
the addition of sperm suspension that still contains cryoprotectant, it was 
necessary to check whether these small quantities of ME2SO would effect the 
survival of embryos through an effect on eggs immediately after fertilisation. 2 
hours after fertilisation the solutions in all Petri dishes were replaced with clean 
tank water. All 25 samples were then divided equally into 4 parts, each consisting 
of approximately 500 embryos. Embryos were incubated at 21°C for 46 hours 
until the hatching stage. Embryo survival and development was assessed by visual 
inspection at the 10th, 20th, 24th , 34th , 36th stage. 
2.6 Effect of cryopreservation on mitochondrial DNA of zebrafish (Danio rerio) 
blastomeres 
2.6.1 Treatment of blast orne res 
The blastomere suspensions were treated in one of the following ways. 10 ~l of 
cell suspension was added to 1 ml of each of the following solutions: 10% fetal 
bovine serum in phosphate buffered saline (PBS) for control, 2M ME2SO 
(prepared in PBS); cryoprotectant media (l.4M ME2SO prepared with 10 % fetal 
bovine serum FBS in PBS solution). Cells were kept in 12-well tissue culture 
plates for 1 hour atroom temperature. Samples used for cryopreservation were 
equilibrated in cryoprotectant media for 30 min at room temperature. They were 
then placed in ependorf tubes (1.5 ml) at O°C for 5 min. The samples were frozen 
using the following protocol: the cooling rates were SOC/min from 20°C to O°C, 
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l°C/min from O°C to - 40°C, they were then plunged into liquid nitrogen. After 5­
10 minutes in liquid nitrogen ependorftubes were warmed in air to room 
Table 2.4. Scheme for the experiment on weather loach (Misgurnus fossilis) with 
3-aminobenzamide 
Number of Content of each Petri dishes, used I Solution added 3 min after fertilisation 
treatment for fertilisation 
1 FSpb l+ Edl 
2 FSP 2+ E 2 
3 FSP 3+ E 3 
4 FSP 4+E4 
5 FSP 5+ E 5 
6 FSP 2+ E 1 
7 FSP 3+ E 2 
8 FSP 4+ E 3 
9 FSP 5+ E 4 
10 FSP 1+ E 5 
11 FSP 3+ E 1 
12 FSP 4+ E 2 
13 FSP 5+ E 3 
14 FSP 1+ E 4 
15 FSP 2+ E 5 
16 CSpc 4+ E 1 
17 CSP 5+ E 2 
18 CSP 1+ E 3 
19 CSP 2+ E 4 
20 CSP 3+ E 5 
21 CSP 5+ E 1 
22 CSP 1+ E 2 
23 CSP 2+ E 3 
24 CSP 3+ E 4 
25 CSP 14+ E 5 
10 ml TWe 
10ml TW 
10 ml TW 
10 ml TW 
10 ml TW 
10 ml of 10 mM 3-ABf 
10 ml of 10 mM 3-AB 
10 ml of 10 mM 3-AB 
10 ml of 10 mM 3-AB 
10 ml of 10 mM 3-AB 
5.8 ml1.379 % Me2S0g 
5.8 ml1.379 % Me2S0 
5.8 ml1.379 % Me2S0 
5.8 ml1.379 % Me2SO 
5.8 ml 1.379 % Me2SO 
10 ml TW 
10ml TW 
10ml TW 
10m! TW 
10m! TW 
10 ml of 10 mM 3-AB 
10 m! of 10 mM 3-AB 
10 ml of10 mM 3-AB 
10 ml of 10 mM 3-AB 
10 ml of 10 mM 3-AB 
a 	With the exception for treatments N 11 to N 15, where the 1.4% w Iv ME2SO 
was added immediately after fertilisation and was displaced by 10 ml of tank 
water in 3 minutes. 
b FSP- fresh sperm pool 1-5 (freshly extracted milt from 2 males mixed with 
extender) 
C CSP- cryopreserved sperm pool 1-5 
dE - eggs from female 1-5 
cTW -tank water 
f3-AB - 3 - Aminobenzamide 
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g ME2SO - dimethyl sulfoxide 
4 replicates were used for each treatment. 
temperature. Cell suspensions were washed twice with PBS (3000 rpm for 10 
min). The pellets were resuspended in 20111 of PBS. Cell survival was examined 
immediately after the resuspension. The average concentration of cells used in the 
experiment was 16.4 x 104 cell/ml 
2.6.2 Viability assessment and cell count 
Trypan blue staining was used to assess cell viability after cryoprotectant 
exposure and cryopreservations. Equal amounts of cell suspension and trypan blue 
solution (0.4%, Sigma) were mixed for 5-10 min and total cell and viable cell 
(unstained) counts were carried out using haemocytometer. Cell viability was 
evaluated in terms of percentage survival. 
2.6.3 PCR 
Cell suspenSIOns following different treatment were subjected to direct PCR 
without DNA extraction. Primers were designed for use in the experiments (Fig. 
2.1). Primers pairs that targeted the zebrafish mitochondrial genome were: 
L(loop) (3-22) 5' - ggc cgg cga caa ttt ata tg - 3' 
H(loop)(989-1008) 5'-ctt att agg gcc cat ctt gg-3' which yield a product of 1008 
bp. 
L (COX-I) (6556-675) 5' -agg agc act tct tgg tga tg-3' 
H (COX-I) (7927-7946) S'-gct cct caa atg tgt ggt ag-3' which yield a product of 
1390 bp. 
L (CD) (10253-10272) 5'-cac agc act tca ggc tat ag-3' 
H (CD) (12262-12281) 5'-aat agg gcg gat gag gtt ag-3' which yield a product of 
2028 
Primary PCR was carried out using 20lll reaction volume consisting of 21ll lOx 
buffer,2!!1 10xdNTP's (2mM), 0.5J..ll MgCh, O.S!!1 Taq , l!!l primer L (lO!!M), 
I III primer H (1 oJ.LM) , 5!!1 cell suspension. Initial denaturation (96°C, 5 min) was 
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followed by 30 cycles of denaturation (9S0C, 30 sec), annealing (60°C, 30 sec) and 
extension (72°C, 1 min). 
Availability of PCR products was checked on agar 1.3 % gel (Plate 2.S). Agarose 
gels were made up in 1 xTBE buffer. Ethidium bromide at a concentration of 5 jll 
Smg/ml stock for each SOml of gel (SOOng/ml final concentration) was added 
before pouring. 
12281 
CD 
102S3 
7946 COX 
Figure 2.1 Mitochondrial DNA of zebrafish. Primers used in the present study. 
Loop primers - D-Ioop area heave strand origin of replication (1 ...9S0) + partly 
9S1.. . .1019 gene mttf, product tRNA-Phe; COX primers - locus that codes 
cytochrome c oxidase subunit I 6425 ... 7975 "COXI "; CD primers - locus where 
common deletion is known to happen quite often in mammalian species 
9735 ... 10520, code for gene "COX3" cytochrome oxidase subunit 3; 
1OS20.. 1OS89 gene="mttg" product "tRNA-Gly"; 1 0590 ... 10940 Gene "ND3" 
product="NADH dehydrogenase subunit 3"; 10939 ... 11008 gene "mttr" product 
"tRNA-Arg"; 11009... 11305 gene "ND4L" product "NADH dehydrogenase 
subunit 4L"; 12681...127S0 gene "mtth" product "tRNA-His"; 12750 .. .12819 gene 
"mtts2" product "tRNA-Ser" 
2.6.4 PCR products purification 
An equal volume of 20 % PEG (polyethylene glycol) was added to the product of 
PCR. The samples were then centrifuged at 13.000 rpm for 30 minutes. 
Supernatant was discarded and 50jll of 70% ethanol was added. After 
centrifugation at 13 000 rpm for 10 minutes ethanol was discarded. Samples were 
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air-dried for approximately 30 minutes. The pellet was resuspended in 15~1 of 
double distilled water. 
Plate 2.5 Electrophoresis of PCR products obtained with different primers. 1,2 
lines cox primers; 3,4 lines CD primers; 5,6 lines - loop; 7, 8 lines all three pairs 
of primers 
2.6.5 Sequencing the PCR products using dye terminators 
Sequencing was carried out using diluted PCR template directly. Sequencing 
reaction mix included: 6~1 PCR template, 4~1 dye terminator mix, 0.51-LI primer 
(6~M stock solution) and one of the following primers L(loop) (3-22) 5' - ggc 
cgg cga caa ttt ata tg - 3', L (COX-I) (6556-675) 5'-agg agc act tct tgg tga tg-3'or 
L (CD) (10253-10272) 5'-cac age act tca ggc tat ag-3'. Sequencing peR cycle 
was 95°C 20 sec, 55°C 2 min 20 secs. 25 cycles were performed. After 
sequencing, 30~l of ethanol/K acetate mix was added into the sequencing mix. 
The mix was centrifuged at 4,200 rpm for 20 min at 4°C. Supernatant was then 
discarded and the pellet washed with 70% ethanol. The product of the sequencing 
was run on a gel (20ml 5% PAGE plus acrylamide, 120~l 10% APS, 12J.ll 
TEMED). 
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The sequences obtained were aligned and analysed using Clustal X (1.8) software 
for each locus separately. The aligned sequences were compared to the known 
sequences obtained in the Pubmed database (NC_002333). Poor quality data 
generated at the beginning and end of a sequencing run was removed. All changes 
in individual nuc1eotides and shifts were counted as mutations. Estimated 
mutations were confirmed with the help of visual evaluation of the spectrogram. 
Only parts with a good quality of spectrogram were analysed (a high intensity of 
main peaks and low level of noise). All samples were given a code and analysis 
of mutations was performed without knowing the origins of samples. The results 
were expressed as percentage of mutation frequency. The counts were made over 
500-600 nucleotides depending on quality of sequences and the parameter was 
expressed as a percentage. 
In the next four chapters results obtained in this study will be presented and 
discussed. 
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Chapter 3: Studies on the genotoxicity of dimethyl sulfoxide, ethylene glycol, 
methanol and glycerol on loach (Misgurnus fossilis) sperm and the effect on 
subsequent embryo development 
3.1 Introduction 
The process of spenn cryopreservation consists of several steps: the addition of 
cryoprotectant medium to the spenn, equilibration in the cryoprotectant medium, 
controlled freezing, low temperature storage and thawing. Each step induces different 
physical and biological changes to the cells. A good understanding of the effect of each 
stage in the process is important in improving cryopreservation. 
Cryoprotective agents are able to protect cells from massive distortions of cellular and 
environmental geometry that accompany freezing and thawing. The protective effects of 
cryoprotective agents are so effective that comparatively little attention has been paid to 
the negative effects of these chemicals. Although several studies have suggested that a 
variety of cryoprotectants can induce injury during cryopreservation (Arnaud and Pegg, 
1988; Fahy 1986), little work has been done to study the genotoxicity of cryoprotectants. 
The observed effects in the literature are summarised in review of Fahy et at., (1990) 
including over-stabilisation of microtubules by cryoprotectants (Johnson and Pickering, 
1987; Robinson and Engelborghs, 1982) that can interfere with normal cell division 
(Fulton and Bond, 1984; Johnson and Pickering, 1987) and effective alteration of the 
configuration of proteins by ME2SO (Rammler and Zaffaroni, 1967). Exposure of 
oocytes to ME2SO causes the immediate appearance of mUltiple, cold-resistant 
microtubular asters associated with the foci ofpericentriolar material nonnally present in 
the oocyte. Prolonged exposure to ME2S0 leads to progressive disassembly of the 
spindle. The effect of ME2SO does not appear to be fully reversible for most of the 
oocytes (Johnson and Pickering, 1987). However, there has been no reported study on the 
effect of ME2SO on the centrosome system of spermatozoa, although it has been 
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demonstrated that spennatozoa contribute the centrosome system to the embryo with the 
exception of rodents (Sutovsky and Schatten, 2000). Microtubule and microtubule­
associated proteins are essential for maintenance of cell structure and function. Detailed 
in vitro studies established that rates of tubulin polymerisation and depolymerization are 
unequally altered by glycerol, leading to a change in the degree of polymerisation or the 
tubulin population; and association of microtubules and their microtubule-associated 
til' 
', .. ~proteins are altered by glycerol (Hammerstedt and Graham, 1992). 
Other genome related observations have been made about cryoprotectants but most of 
them are indirect. ME2SO is reported to induce cystine-cysteine cross-linking under near 
nonnal biologically relevant conditions, and the effect is time and temperature dependent 
(Fahy et ai., 1990). Glycols have been shown to cause structural abnonnality in 
chromosomes after intra-abdominal injection to mice. Ethylene glycol has been shown to 
have the strongest negative effect of all studied glycols. Glycols have caused dominant 
lethal mutations in late stage spennatids. (Barylyak et ai., 1987). On the molecular level 
ethylene glycol has been shown to interfere with secondary, tertiary structure and subunit 
dissociation in oligomeric proteins (Millar 1974; Shifrin and Parrot, 1975) by the 
disruption of hydrophobic interactions. That fact is responsible for the ethylene glycol 
capability to perturb the higher order structure of basic polypeptide-DNA complexes 
(Schwartz and Fasman, 1979). 
Some genome related effects have been reported for both low and high molecular weight 
cryoprotectants. Sufficient polyethylene glycol (PEG) has also been shown to 
significantly stimulate the activity of certain ligases and topoisomerases that act upon 
high molecular weight DNAs. However, the mechanism by which PEG exerts its effects 
has not yet been conclusively traced to hard-core osmotic exclusion forces. The addition 
of sufficient PEG to the solution of the DNA also causes both a decrease in water activity 
and a decrease in medium dielectric constant, either of which could potentially alter 
certain equilibria in which DNA participates (Naimushin et ai., 2001). The limited data 
obtained on fish sperm indicate that even low concentrations of ME2SO, ethylene glycol 
and 1,2-propanediol markedly decrease the intrinsic viscosity of DNA macromolecules. 
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The action of ME2SO on intrinsic viscosity is reversible. For ethylene glycol, such 
changes are observed only at high concentrations. The effect of 1,2-propanediol is 
characterised by a marked but weak irreversibility. The DNA intrinsic viscosity is known 
to represent the dimensions of macromolecules in solution, and a decrease in intrinsic 
viscosity indicates the compaction of DNA. In general, the change in intrinsic viscosity is 
determined by a change in long-distance action in the biopolymer, described by the 
parameter of excluded volume, as well as in short-distance action that is responsible for 
the value of persistent length (Komilova et al., 1993). Experiments of Kornilova et al., 
(1993) suggest that the decrease in dimensions of DNA macromolecular coil observed on 
the addition of cryoprotectants is a result of diminishing the parameter of DNA excluded 
volume. The effect may be due to both binding of cryoprotectants and DNA, probably 
through water molecules, and changes in solvent properties on the addition of 
cryoprotectants. It has been found that cryoprotectants amplify the effect of Na+ ions on 
the DNA molecular parameters (Komilova et al., 1993). For reproductive cells, it is 
important not only to find out the mechanism of genotoxicity but also to understand 
whether these changes have any consequence for the offspring. 
The present work explores whether equilibration of sperm in dimethyl sulfoxide 
(Me2S0), methanol (Me), ethylene glycol (EG) or glycerol (GI), the commonly used 
cryoprotectants, brings changes to the survival of embryos derived from cryoprotectant 
treated sperm. The decrease in embryo survival was considered as an indirect evidence 
for the genetic failure caused by the experimental treatments of sperm. 
The Weather loach (Misgurnus fossilis) was chosen for this investigation as they are easy 
to maintain, fertilisation is external, large numbers of eggs can be obtained, observation 
of embryo development is easy and hatching occurs only 46-50 hours after fertilisation. 
The evaluation of mortality was divided into two periods before and after the 20th stage. 
The reason for this is given in detail in chapter 2. 
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3.2 Results 
3.2.l Effect of cryoprotectants 
The effects of cryoprotectants on embryo survival are given in Fig 3.1a & 3.1b. ANOVA 
test showed the significant effect of combined cryoprotectant before (F(3, 152)=7.954) 
and after (F (3, 346)=20.44) the 20th stage. Pairwise differences are indicated in figures 
with different letters (Duncan test, p<0.05). Post hoc test showed that glycerol had the 
strongest negative effect on embryo survival before and after the 20th stage. Embryo 
survival decreases from 70.0±2% in control to 63.0±2% for embryos derived from sperm 
subjected to glycerol treatment before the 20th stage (Fig. 3.1 a). Embryo survival after the 
20th stage also decreased from 77±2.4% in control to 64.8±2.4% for glycerol treated 
experimental group (Fig.3.1 b). Whereas Me2SO did not cause significant decrease in 
embryo survival before the 20th stage in comparison with the control, it did decrease the 
survival of embryos after the 20th stage to 69.2±2.4% compared to 77±2.4% in control 
(P<0.05). Neither ethylene glycol nor methanol affects the survival of embryos 
significantly either before or after the 20th stage. 
3.2.2 Effect of different concentrations of cryoprotectant 
The effects of cryoprotectant concentrations are given in Fig. 3.2a & b. Two out of three 
studied concentrations (1.2 and 2.5 M) caused significant decrease of the embryo survival 
in comparison with those in control before the 20th stage, although no significant 
differences were found between the two concentrations. After the 20th stage the survival 
of embryos dropped significantly at concentration of 1.2 M to 70.1±2.4% in comparison 
with control of 77±2.4%. Concentration of 2.5M resulted in greater decrease in the 
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survival of embryos after the 20th stage (63.8±2.4%) when compared with the survival in 
control (77±2.4%). 
3.2.3 Effect of individual female 
Differences between individual females' influences on embryo survival were also 
investigated in this study and the data is presented in 3.3a&3.3b. Significant differences 
between females were identified both before and after the 20th stage. The highest survival 
rate was found for female 3 (90.3±2.0%) before the 20th stage and female 3 (78.2±2.4%) 
and 4 (79.2±2.4%) after the 20th stage. The lowest survival was obtained for female 1 
before (41.8±2%) and after (60.2±2.4%) the 20th stage. Whereas the differences were 
observed between female 3 (90.3±2.0%) and 4 (80.9±2.0%) before the 20th stage. No 
significant differences were found between the two females after the 20th stage. The 
survival of embryos derived from different females was in much wider range (from 
41.8±2% to 90.3±2.0%) before the 20th stage than that (from 60.2±2.4% to 79.2±2.4%) 
after the 20th stage. 
3.2.4 Embryo survival at different developmental stages 
Embryo survival at different embryo development stages from fertilisation to hatching is 
presented in Fig. 3.4 and 3.5. Embryo survival decreased gradually with all experimental 
groups. And these changes were more prominent before the 20th stage (Fig.3.4). The 
survival at the i h stage of 83.8±2.0% was significantly higher than that both at the 14th 
stage (68.4±2%) and at the 1i h stage (62.S±2%). But the 20th stage the survival dropped 
to S3.2±2.0%. The decline in embryo survival became less prominent after the 20th stage. 
The survival of embryos was the highest (86.6±3.4%) at the 23rd stage and the lowest 
(63.6±3.4%) was at the 3ih stage of hatching. 
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3.3 Discussion 
The commonly used intracellular cryoprotectants (dimethyl sulfoxide, ethylene glycol, 
methanol and glycerol) have been under investigation in the present study. Sperm of 
loach have been equilibrated with different cryoprotectants and then used for fertilisation 
of eggs. The development of embryos has been observed and the survival of embryos has 
been assessed. The decrease of embryo survival is considered as an indirect evidence of 
genetic failure together with possible toxic and other metabolical effects. Embryonic 
mortality is considered as a powerful regulating factor in reproduction biology and serves 
as a natural way of eliminating unfit genotypes thus optimising the survival of species 
(Stolla, 1985). The results obtained demonstrate that the equilibration of sperm in 
cryoprotectants resulted in a decrease in embryo survival. ME2SO and glycerol had 
significantly greater negative effects than ethylene glycol and methanol and their effects 
were concentration dependent. 
Since the discovery of the cryoprotective properties of glycerol by Polge et al., in 1949, 
cryoprotective agents have been used to secure the survival of innumerable living 
systems after storage at low, stabilizing temperatures. But despite this impressive degree 
of success, few cryopreservation techniques developed to date permit 100% survival after 
freezing and thawing, and the preservation of many important systems has proven 
unsatisfactory or unsuccessful. The basis for the detrimental effects of cryoprotectants 
may not simply be osmotic, but could also be due to direct biochemical injury. 
Biochemical toxicity could result directly from the interaction between cryoprotectant 
and cell enzymes or indirectly by altering the environment of the cellular biomolecules, 
which in tum may result in changes in the dielectric constant, redox potential, ionic 
strength, pH, and surface tension (Fahy 1986; Arakawa et at., 1990; Adam et ai., 1995). 
The present study attempted to answer the question of possible genotoxicity of 
cryoprotectants that have not been studied sufficiently before. It was necessary to re­
normalise the data on embryo survival and to allow the separation of metabolic toxicity 
from a genetic toxic effect. This was achieved by the division of results into two periods 
before and after the 20th stage. The survival of embryos after the 20th stage of 
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development is regarded as a failure of development rather than fertilisation, because 
prior to this point all unfertilized eggs had been removed. 
The decrease of survival before the 20th stage in the present study is most likely due to 
the fertilisation failure and parthenogenetic activation, both can be caused by 
cryoprotectants. The detailed analysis of the possible mechanisms of cryoprotectant 
toxicity can be found elsewhere (Fahy 1986; Arakawa et aZ., 1990; Adam et al., 1995). 
The main focus of this study is concentrated on the decrease of the embryo survival after 
the 20th stage, which is believed to relate to genetic failure. Therefore, most of the 
discussions below will focus on the possibility of the effect of cryoprotectants on genetic 
integrity. 
Based on physical and chemical characteristics of the cryoprotectants and the data 
obtained with other cells, the effect of cryoprotectants might be connected with one of the 
following. 
DNA conformational changes. There is evidence in literature that shows that glycerol, 
ethylene glycol, dimethyl sulfoxide can stimulate RNA synthesis (Nakanishi et a/., 1974). 
This effect is explained mainly by the capability of these solvents to change the 
conformation of DNA (Nakanishi et al., 1974). Glycerol is reported to destabilise DNA 
and to change the physical characteristics of DNA (Nakanishi et aZ., 1974). The effect of 
ethylene glycol on the Tm of DNA and its apparent conversion ofDNA from the B to the 
C form (Nelson and Johnson, 1970) reflect a general change in the structure of DNA. 
Intercalation in protein-DNA interaction. Cryoprotectants might intercalate in protamine­
DNA interaction (Royere et aZ., 1988) that will consequently lead to a disturbance of the 
process of DNA decondensation after fertilisation. It is possible that subtle effects on 
protamine-DNA interactions occurred that prevented proper DNA decondensation after 
spenn injection into oocytes. It has been shown that alcohols (ethanol and propanol) 
denature proteins to a great extent and it happens more quickly at higher temperature 
(Velicelebi and Sturtevant, 1979). MezSO and ethylene glycol are known to destabilize 
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proteins m unfrozen solution and induce protein denaturation at room temperature 
(Arakawa et al., 1990). In addition to protamines, sperm nuclei contain several much 
larger proteins that are much more likely to be denaturated by alcohol. The telomere 
binding proteins that stabilise DNA molecules (Zalensky et ai., 1997) may also be 
sensitive to alcohols. Their denaturation by alcohol may distort DNA molecules so that 
DNA single and double strand breaks occur prior to and/or during sperm chromatin 
decondensation within the oocyte, resulting in structural chromosomal aberrations 
(Tateno et ai., 1998). 
Osmotic effect ofcryoprotectants. Osmotic effect of cryoprotectants can indirectly cause 
problems in genetic apparatus. Due to their osmotic action cryoprotectants change 
cytoplasm viscosity. The latter characteristic has been reported to affect diffusion and the 
degree ofpolymerisation of intracellular polymers (Hammerstedt and Graham, 1992). For 
example it has been demonstrated that E.coli subjected to osmotic stress during the 
exponential phase produced altered randomly amplified polymorphic DNA (RAPD) 
profiles when the DNA was extracted 1 h after the stress. When stationary-phase bacteria 
were stressed, the RAPD banding patterns ofthe resuscitated bacteria were restored to the 
pre-stressed state. However when log-phase bacteria were stressed, the RAPD banding 
patterns of the resuscitated bacteria were altered (Jolivet-Gougeon et al., 2000). 
Comparisons were made on whether there was any correlation between embryo survival 
and the osmolarity of the cryoprotectant media. It's well known fact that fish sperm are 
especially sensitive to osmotic changes (Kopeika 1982) and osmotic shock can affect 
fertilising ability of sperm (Critser et ai., 1988). However, in the present study no 
correlation was established between osmolarity of solutions and survival of embryos. 
There may be two possible explanations for this. The first is that osmolarity did not have 
any significant effect on the system studied although this is unlikely. The second is that 
the survival of embryos before the 20th stage reflects several different factors; their 
interactions might have masked the presence of osmolarity effect. 
Water substitution. The ability of the studied cryoprotectant to substitute itself for water 
molecules in the hydration sheath of proteins and nucleic acids (Rammler and Zaffaroni, 
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1967) would be expected to alter their configuration. The principal chemical constituent 
of cell is water. Their native form of biopolymers such as proteins, polysaccharides and 
nuclei acids are surrounded by ordered arrays of water molecules, the hydration sheath. 
Their native structure is dependent upon this bound water, in addition to hydrophobic 
interactions, hydrogen bonds, and other stabilizing forces. Substitution or removal of the 
hydration sheath, or caged water, of these substances would be expected to alter their 
configuration (Rammler and Zaffaroni, 1967). This type of alteration may be reversible, 
but how quickly this restoration can occur is not known. 
Centrosome related effect. It was demonstrated for mouse oocytes that equilibration with 
ME2SO causes the disassembly of the spindle (Johnson and Pickering, 1987), however 
the effect of ME2SO on the centrosome in sperm after cryoprotectant equilibration or 
cryopreservation is not clea.r. The centrosome is contributed to the embryos by sperm for 
most species excluding rodent, and further cell cleavage will be strongly dependent on 
this organelle. 
Production of new substances. The presence of cryoprotectants in cell suspension may 
lead to the production of compounds that are known to be mutagenic. It has been shown 
that the degree of purity of dimethyl sulfoxide has a significant effect on the survival of 
loach embryos derived from sperm equilibrated with this cryoprotectant (Kopeika et al., 
2002). Formaldehyde production has been estimated in the solutions of ME2S0 and 
glycerol (Karran and Legge, 1996). It has been proposed that formaldehyde is formed in a 
non-enzymatic reaction taking place in the solvent and the cryoprotection solution. It has 
been demonstrated that formaldehyde can form in Me2SO via a hydroxyl-mediated non­
enzymatic reaction creating methoxyl radical species which subsequently form 
formaldehyde. Glycerol can undergo oxidative cleavage to form formaldehyde and 
acetaldehyde, and formaldehyde and formic acid respectively (Karran and Legge, 1996). 
There is evidence that formaldehyde is produced during the interaction of dimethyl 
sulfoxide with hydroxyl radicals. In view of the production of fomlaldehyde, dimethyl 
sulfoxide should not be considered to be an inert solvent in biological systems according 
to authors (Karran and Legge, 1996). Acetaldehyde and formaldehyde can actively 
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as 
inhibit the energy metabolism (Van Buskirk and Frisell, 1967), cross-linking of proteins 
and nucleic acids (Swenberg et ai., 1983) and inhibit cell division. Of all the common 
aldehydes, formaldehyde is the most reactive (Karran and Legge, 1996). Another 
compound, that is known to be produced secondarily from glycerol, is methylglyoxal 
(Riddle and Lorenz, 1973; Katkov et al., 1998). Methylglyoxal is an endogenous 
mutagen and it is suggested that it may take part in causing G:C to C:G and G:C toT:A 
transversion in vivo in mammalian (Murata-Kamiya et ai., 2000). 
Selective pressure ofextreme factors. Cryopreservation may impose a selection pressure 
on sperm, which could also affect embryo survival. Some data presents evidence to this 
and authors even suggested to use methods of cryopreservation of fish sperm as a tool for 
aquacultural selection purposes (Van der Walt et ai., 1993). 
Clearly further investigations are needed to elucidate the mechanism of negative effect of 
cryoprotectants on the reproductive cells demonstrated here. Significant differences 
between individual females and embryo developmental stage have also been identified in 
the present study. The more prominent differences between individual females before the 
20th stage could be explained by the fact that the evaluated parameter of the embryo 
survival before the 20th stage is integrative. It reflects many factors that are excluded after 
the 20th stage. Effect of individual females will be discussed in detail in the following 
chapters 4 and 5, together with the distribution of embryo survival followed different 
treatment at various developmental stages. 
3.4 Summary 
The process of sperm cryopreservation consists of several steps: equilibration of sperm in 
cryoprotectant medium, freezing of sperm to subzero temperatures, low temperature 
storage and wann and thawing of sperm suspension. It has been shown that 
cryopreservation may cause some damage to the genetic material of cells although the 
mechanism and significance of these changes are still unknown. The aims of this work 
were to study the effect of cryoprotectant equilibration process on Loach (Misgurnus 
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fossilis) sperm, using embryo survival as an indicator of genetic failure. Decrease in 
embryo survival after the 20th stage is generally believed to result from the failure in the 
genome function of embryos. In the first set of the experiments, Loach sperm were 
equilibrated in cryoprotectants Me2SO, ethylene glycol, glycerol, methanol (0.6, 1.2, 2.5 
M) for 60 min at lOoC. The effect of cryoprotectant equilibration on sperm was evaluated 
based on the survival of embryos derived from cryoprotectant treated sperm. Embryo 
survival was evaluated at the following stages: ih, 14th, lit, 20th, 23rd, 26t\ 31 S\ 34th, 
36th35 t \ and 3ih. The results showed that all studied cryoprotectants at concentrations 
greater than 1.2 M had significant effect on the survival of the embryos after the 20th 
stage. The effect of glycerol was the most significant with only 64.8±2.4% of the 
embryos survived compared to 77±2.4% of control. The next cryoprotectant that caused 
reduced survival but still significantly different from control is Me2S0. Some discussions 
on possible mechanisms of the genetic instability caused by cryoprotectants are provided. 
In the following chapter the effect of the whole protocol of sperm cryopreservation will 
be studied with regards to its effect on embryo survival. 
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Figure 3.1 a Survival of embryos before the 20th stage. Control - embryos derived from fresh sperm not equilibrated 
in cryoprotectants; Me2SO embryos derived from sperm equilibrated in dimethyl sulfoxide; EG - embryos derived 
from the sperm equilibrated in ethylene glycol; GI - embryos derived from sperm equilibrated in glycerol; Me ­
embryos derived from sperm equilibrated in methanol. The initial quantity of eggs is considered as 100%. Each bar 
represents an average value of embryos survival at all stages before the 20th stage Significant pairwise differences 
are indicated by different letters (Duncan test p<0.05). 
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Figure 3.1 b Survival of embryos after the 20th stage. Control - embryos derived from fresh sperm not equilibrated in 
cryoprotectants; Me2S0 embryos derived from sperm equilibrated in dimethyl sulfoxide; EG - embryos derived 
from the sperm equilibrated in ethylene glycol; Gl - embryos derived from sperm equilibrated in glycerol; Me ­
embryos derived from sperm equilibrated in methanol. The quantity of viable embryos at the 20th stage is considered 
as 100%. Each bar represents an average value of embryos survival at all stages after the 20th stage Significant 
pairwise differences are indicated by different letters (Duncan test p<0.05) 
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Fig 3.2a Survival of embryos before the 20th stage. Control - embryos derived from fresh sperm; 0.6 M derived 
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average value of embryos survival for all cryoprotectants at all stages before the 20th stage Significant pairwise 
differences are indicated by different letters (Duncan test p<0.05) 
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Figure 3.2b Survival of embryos after the 20th stage. Control - embryos derived from fresh sperm; 0.6 M - embryos 
derived from sperm equilibrated in 0.6M cryoprotectant (Me2S0, EG, GI and Me); 1.2 M - embryos derived from 
sperm equilibrated in 1.2M cryoprotectant (Me2S0, EG, GI and Me); 2.5 M - embryos derived from spero1 
equilibrated in 2.5 M cryoprotectant (Me2S0, EG, GI and Me). Each bar represents an average value of embryos 
survival for all cryoprotectants at all stages after the 20th stage. Significant pairwise differences are indicated by 
':':.<i6""?~ 
108 
-- -- ------- -- -- -------------
a 
100 
c 
90 
80 
~ 70~ ~ 
VJ 
600 C 
.n 
S 50<\) 
"­0 
c; 40;;.
'E 
::s 30if) 
20 
o ~r~'~~~--------~--~4-~~= 
Female 1 Female 2 Female 3 Female 4 
~--- ~ 
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Figure 3.4 Survival of embryos at different developmental stages before the 20th stage. Combined data from all treatments used in 
the experiment and for all females. Significant pairwise differences are indicated by different letters (Duncan test p<O.05). 
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Figure 3.5 Survival of embryos at different developmental stages after the 20th stage. Combined data from all treatments 
used in the experiment and for all females. Significant pairwise differences are indicated by different letters (Duncan test 
n<OO,)). 
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Chapter 4: Effects of caffeine on the DNA repair system and embryo survival 
following cryopreservation of loach (Misgurnus fossilis) sperm 
4.1. Introduction 
A number of studies have presented evidence that cryopreservation causes some 
changes in the genetic apparatus of sperm of different species. In the case of human 
sperm it has been shown that the level of native DNA significantly decreased after 
cryopreservation, possibly caused by changes in conformation and/or disturbance in 
DNA-protamine interaction (Hamamah et aI., 1990, Pasteur et aI., 1991, Royere et 
aI., 1991). Changes in the physical characteristics of DNA as well as single strand 
breaks were demonstrated in carp sperm after cryopreservation (Kornilova et 
aI., 1997). Studies on the survival of androgenetically-derived haploid carp embryos 
produced by fertilisation with X-ray inactivated oocytes and cryopreserved sperm 
showed that the embryonic mortality was significantly higher than those fertilised 
with fresh sperm (Kopeika et aI., 1994; Neifakh et aI., 1988). When studying the 
effect of cryopreservation on genome integrity, it is important that both the nature of 
the damage is assessed directly and also its impact on further development and 
functioning of biological systems are evaluated. Some evidence has already emerged 
that changes in genetic material brought about by cryopreservation are inherited by 
offspring and their functional and physiological status are affected. Dulioust et ai., 
(1995) reported that there are significant differences in morphological and behavioral 
features of mice derived from fresh and cryopreserved embryos in a long-term study. 
Higher immunological reactivity was also observed in young carp derived from 
cryopreserved sperm (Savushkina 1996). However, despite the potential significance 
of the effect of cryopreservation on the genome of reproductive cells, reports in the 
literature on this topic have been limited. 
" I 
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The changes in genetic apparatus of reproductive cells after cryopreservation are 
likely to be minor. It has been reported for many species that mature spermatozoa do 
not have a complete DNA repair system but that damage to sperm DNA can be 
repaired by the oocyte DNA repair system following fertilization (Ashwood-Smith 
and Edwards, 1996; Rekubratsky 1989). The aim of this work was to study whether 
the process of spenn cryopreservation affects the survival of embryos applying a 
method similar to the one described in previous chapter where the effect of 
cryoprotectants only was studied. To be more sure about the involvement of the 
genetic system in the survival of embryos, an inhibitor of the oocyte DNA repair 
system was used to enhance the detection of cryopreservation effect on sperm DNA. 
Caffeine has been reported to be an inhibitor of DNA repair system (Selby and 
Sancar, 1990), and was therefore used in this study. Caffeine treatment usually 
enhances the negative effect of mutagenic agents such as UV - X-irradiation and 
various chemicals (Gascoigne et al.,1981; Mendelson 1976; Park and Yi, 1989; 
Recoubratsky 1989). It was expected that the suppression of the DNA repair system 
would result in reduced embryo survival. 
4.2 Results 
4.2.1 The effects of cryopreservation and caffeine 
The effects of cryopreservation and caffeine treatment on embryo survival are given 
in Fig. 4.1 a & 1 b. ANOVA test showed the significant effect of different treatments 
both before (F(3, 174)=48.390, p<0.01) and after the 20th stage (F(3, 270)=52.618, 
p<0.01). Post hoc test showed that cryopreservation of spermatozoa decreased the 
20thembryo survival significantly both before and after the stage. Pairwise 
differences are indicated in figures with different letters (Duncan test, p<0.05). 
Embryo survival decreased from 81.3 ± 3.7% in control to 60.4 ± 3.7% for embryos 
derived from cryopreserved sperm before the 20th stage (Fig. 4.1a) and from 68.4 ± 
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2.8% to 53.4 ± 2.8% after the 20th stage (Fig. 4.1b). When treated with caffeine, there 
were no significant differences in embryo survival before and after the 20th stage for 
embryos derived from fresh sperm in the absence of caffeine. When caffeine-treated 
embryos were derived from cryopreserved sperm there were no significant differences in 
embryo survival before the 20th stage compared to untreated embryos derived from 
cryopreserved sperm. However, after the 20th stage, survival of caffeine-treated embryos 
derived from cryopreserved sperm increased significantly from 53.4 ± 2.8% to 70.9 ± 
2.8%. 
4.2.2 Effect of individual females 
The effect of individual males (data not presented) and females (Fig. 4.2a & b) as sperm 
and eggs donor on embryo survival was also investigated. Whilst no significant 
differences were observed between the individual sperm samples, the differences 
between individual females in terms of embryo survival was significant (ANOV A, 
F(3,270)=230.180, p<O.Ol). For both before and after the 20th stage, the highest embryo 
survival was obtained from female 3 (79.2 ± 3.7% and 76.95 ± 2.7%) and the lowest from 
female 1 (49 ± 3.7% and 43.3 ± 2.7%). Embryo survival for female 4 was also 
significantly different from the other three females, and this difference became more 
prominent after the 20th stage. 
4.2.3 Embryo survival at different developmental stages 
Embryo survivals at different embryo development stages from fertilisation to hatching 
are presented in Fig. 4.3. Embryo survival decreased sharply for all experimental groups 
before the 20th stage. After this stage the decline of embryo survival continued although 
the slopes are less steep. Because of the large number of embryos used in this study, 
embryo survival was assessed mainly by visual inspection. It is therefore difficult to 
differentiate unfertilized eggs and the failure of embryo development before the 20th 
stage. For this reason it was necessary to re normalize embryo survival at the 20th stage 
following which the effect of experiment treatments on embryo development can be 
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assessed. 
Embryo survivals both before and after the 20th stage are shown in Fig. 4.4 & 4.5 
indicating a decreased survival as development progresses. Embryo survival decreased 
from 94.3 ± 3.2% at the 6th stage to 42.3 ± 3.2% by the 20th stage (Fig. 4.4a). Considering 
the interaction of the two factors, treatment and embryo developmental stage, the 
difference in survival of embryos with different treatment only appeared from the 14th 
stage onwards (Fig. 4.4b). Embryo survival after the 20th stage also decreased with 
embryo development from 69.9 ± 3.1 % at 25 th to 60.1 ± 3.1 % at the 36th (Fig. 4.5a). 
Embryo survival at different developmental stages with different treatments is shown in 
FigA.5b. When fresh sperm were used for fertilisation without caffeine, the decline of 
embryo survival with development was more pronounced when compared with those 
embryos derived from cryopreserved sperm. Embryo survival decreased significantly 
from 77.1 ± 4.6% and 72.0 ± 4.6% at the 25th stage to 63.7 ± 4.6% and 58.5 ± 4.6% at the 
36th for control and control + caffeine treatment respectively. Figure 4.6 also shows that 
when cryopreserved sperm were used, the pattern of embryo survival decline was linear 
and there were no significant differences in embryo survival between the 25th and 36th 
stages. The addition of caffeine to embryos derived from cryopreserved sperm increased 
embryo survival significantly, although the decline in survival was also linear with cryo + 
caffeine treatment, the difference in embryo survival between the 25th and 36th stage 
became significant (p<0.05) again. 
4.3 Discussion 
4.3.1 Effect of cryopreservation and caffeine 
The results of embryo survival before the 20th stage indicate that cryopreservation of 
sperm decreased the survival of embryos significantly. Adding caffeine shortly after 
fertilisation to the medium with embryos derived from cryopreserved sperm did not lead 
to any significant changes of embryo survival before the 20th stage. It is important to note 
that caffeine has been shown to increase the fertilizing ability of sperm through motility 
1.•.1.•.•• \ 1" 
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stimulation (Levin et al., 1981). To eliminate this effect, in our experiments caffeine 
additions were made 90 seconds after fertilization, by which time most of the eggs would 
have been fertilized. Even if some stimulation of sperm motility occurred, by this time 
the eggs would have become less permeable to the stimulated sperm because of the 
cortical reaction. Comparison of survival, up to the 20th stage, of control and control + 
caffeine treated embryos demonstrates that caffeine did not increase embryo survival by 
stimulating sperm motility (Fig. 4.1a). 
The observation that cryopreservation of sperm significantly decreased embryo survival 
after the 20th stage provides indirect evidence of the effect of cryopreservation on the 
genetic material of the sperm. Caffeine was used in our experiments because of its known 
effect in enhancing of mutagenic stresses caused by X-ray, ultraviolet light and some 
chemicals (Gascoigne et ai., 1981; Genesca et ai., 1992; Sarkaria et al., 1999). Since 
under certain conditions caffeine might itself be mutagenic (Jafari and Rabbani, 2000; 
Pechkurenkov 1976), it was important to ensure that the concentration used in this study 
did not damage the genetic integrity of the embryos. This was confirmed when no 
significant effect was found after the addition of caffeine to embryos derived from fresh 
sperm after the 20th stage (Fig. 4.1 b). Caffeine concentration used in the present study 
was chosen based on the data from literature (Pechkurenkov 1976) as well as a range 
finding test of caffeine toxicity on embryo survival. However, contrary to our 
expectations, the addition of caffeine to embryos derived from cryopreserved sperm 
increased embryo survival significantly rather than decreasing it. Caffeine has several 
effects on organisms and cells in culture including inhibition of DNA and protein 
synthesis (Felipo et al., 1986); interference with DNA repair mechanisms (Selby and 
Sancar 1990); inhibition of enzyme induction (Somani and Gupta, 1988) and increase of 
intracellular cyclic AMP levels (Goth and Cleaver, 1976; Wells and Miller, 1988). The 
effects vary with the dose and time of exposure (Jafari and Rabbani, 2000) to species or 
cell type (Mendelson 1976; Sivak et al., 1982). Two possible explanations for the effect 
of caffeine in these experiments are put forward. The first is based on the assumption that 
caffeine does effect DNA repair processes. In these experiments caffeine may have 
inhibited some pathways of the embryo DNA repair system, but the blocking of one part 
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may have caused a compensatory reaction in an other part of the system resulting in 
hyperactivity of the whole system (Hagmann et ai., 1998). The positive effect of caffeine 
on embryo survival may be due to increased recombination as a consequence of a 
compensatory reaction of a homologous recombination pathway upon a possible blocked 
non-homologous end-joining pathway by caffeine. The combination of cryopreservation 
and caffeine treatments may have resulted in an increased of embryo survival through the 
involvement of a recombination repair system. Cryopreservation and caffeine treatment 
triggering some repair processes that overcompensated by repairing not only 
cryopreservation damage but also a substantial amount of the spontaneously occurring 
damage as well. The schematical picture of this mechanism is presented in Fig 4.7. 
The second explanation supposes that the rescuing effect was caused by a cascade of 
signalling events initiated by changes in the overall metabolic control system through 
second messengers such as Ca2+ and/or cAMP. As it was shown recently (Stachecki and 
Annant, 1996), the sperm is responsible for the induction of Ca2+ oscillations after 
fertilisation. Ca2+ oscillations serve as intracellular signals that can have profound effects 
on cellular development and function. There are substantial differences in the pattern of 
Ca2+ release in eggs from different species (parrington et ai., 1998) and even minor 
deviations may have major effects on the further growth and development of embryos. 
Although the trigger of Ca2+ oscillation in egg was identified recently as a sperm-specific 
phospholipase C, PLC zeta, (Saunders et ai., 2002), very little is known about 
mechanism of this phenomenon and functional purpose of these oscillations. Also it is not 
known what the effect of cryopreservation would be on the sperm oscillin and Ca2+ 
oscillation in eggs fertilised by cryopreserved sperm. We can speculate here, that if 
cryopreservation of sperm does effect sperm oscillin and disturb the process of egg 
activation, then the rescuing effect of caffeine in this study could be connected with Ca2+. 
The known capability of caffeine to increase the level of cAMP and ions of ci+ (Levin 
et ai., 1981; Zhang et aI., 1999) could compensate or restore the pattern of Ca2+ 
presumably disturbed by cryopreservation. The exact mechanism of Ca2+ oscillation on 
further embryo development is not yet known, but there is evidence that ions of Ca2+ are 
involved in the regulation of many events in embryos including gene expression, DNA 
replication, DNA repair (Bucki and Gorski, 2001; Gafter et al., 1997). There is 
",ii'
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insufficient infOlmation available about the role of signal transduction mechanisms in 
fish oocytes, particularly the possibility that the entry of spermatozoa sets up calcium 
oscillations that could be enhanced by cAMP/caffeine treatment. However, this will be 
the interesting area for future investigations. 
,
4.3.2 Variation between individual females 
Significant differences between individual females' influences on embryo survival were 
identified in this study. One reason for the significant difference between females might 
lie in their ability to cope with possible cryo-damage within the paternally contributed 
material. If this explanation is correct it would imply that different females exhibit 
variability in the efficacy of their DNA repair systems and also that spermatozoa are 
indeed genetically damaged during cryopreservation. The genetic constitution of a 
female will also influence the quality of ova produced. To the best of our knowledge the 
effect of individual females on the survival of embryos derived from cryopreserved 
sperm is reported here for the first time. 
4.3.3 Embryo survival at different stages 
The analysis of differences in embryo survival at different stages might give a clue to the 
reasons for increased embryo mortality at a particular stage. In the present study there 
were no significant differences between different treatments in embryo survival up to the 
6 th stage. From the 14th stage onwards the significant differences in the survival of 
embryos derived from fresh or cryopreserved sperm were observed. The impact of sperm 
cryopreservation on embryo survival was mainly studied on two post-gastrulation 
32ndperiods: the segmentational period, characterized by primary organogenesis (21 st ­
stages) and the pre-hatching period (33rd - 3ih stages). All species have stages of embryo 
, ! 
development that are more critical than others and are characterized by higher mortality. 

In our study the survival of embryos derived from fresh sperm was significantly lower at 
 i 
Ithe 36th stage than that at the 25th stage. This is consistent with McGregor's observation 
,I 
(McGregor and Newcombe, 1972) that the survival of embryos at the hatching stage is 
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generally lower. However, this natural distribution of embryo survival at different stages 
was changed by cryopreservation and the survival of embryos derived from 
cryopreserved sperm was as low at the 25th stage as at the 36th stage. It is possible that 
sperm cryopreservation does not cause direct changes in the genetic structure, rather it 
causes changes in the genetic diversity in the sperm population of the cryopreserved 
ejaculate. The selective pressure of cryopreservation may well result in a more uniform 
"':.; 
sperm popUlation, which in tum would bring a degree of homogeneity to the embryo 
popUlation with respect to their sensitivity to stress at different stages of development. 
4.4. Summary 
Cryopreservation can cause changes to the genetic material of cells, but the mechanism 
and significance of these changes are still not fully characterised. It has been suggested 
that some damage to the sperm genome could be repaired by the DNA repair system of 
the oocyte after fertilisation. Caffeine has been reported to be an inhibitor of such repair 
processes. Decreased embryo survival after 20-h stage is generally believed to result from 
the failure in the genome function of embryos. In this study the effect of caffeine on the 
viability of Loach (Misgurnus rossi/is) embryos was investigated. Loach eggs were 
fertilised using cryopreserved sperm. Embryos derived from cryopreserved sperm were 
exposed to 2.6mM caffeine for 1 hour after fertilisation. The experiments were carried 
out using 32,313 embryos from 4 females and 8 males. Embryo survival was evaluated 
for 46 hours until the hatching stage. Cryopreservation of sperm significantly decreased 
embryo survival (53.4 ± 2.8 % compared to 68.4 ± 2.8 % of control) after the 20-h stage. 
However, the addition of caffeine to the embryos derived from cryopreserved sperm, in 
contrast to our expectation, significantly increased survival of loach embryos (70.9 ± 2.8 
% compared to 53.4 ± 2.8 % of embryos derived from cryopreserved sperm in the 
absence of caffeine). The effect of individual donors of sperm and eggs on overall 
embryo survival was also studied. Whilst no significant differences were observed 
between males, the effect of individual females on embryo survival was significant. The 
analysis of embryo survival at different developmental stages showed that embryo 
survival both before and after 20-h stage decreased with embryo development. When I 
! 
l 
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fresh sperm was used the decline of embryo survival with development was more 

pronounced compared with those embryos derived from cryopreserved sperm. Two 

hypotheses have been proposed to explain the effect discovered. 

The main findings of this study are: 

a) This study has provided the evidence that cryopreservation of fish sperm affects 
the development and survival of the embryos derived from this sperm. 
b) The addition of caffeine to the embryos increased the embryo survival 
significantly. 
c) 	 Although female reproductive cells were not subjected to cryopreservation a 
significant role of the female in the survival of embryos derived from 
cryopreserved sperm was established. It is proposed that DNA repair system or 
intrinsic constitution of oocyte might be responsible for it. 
d) 	 Cryopreservation of sperm not only decreased the survival of embryos derived 
from this sperm, but also the pattern of the survival has been changed. 
Although the results from the present study provided the evidence that cryopreservation 
of sperm decrease the survival of embryos through most likely genetic failure, the 
mechanisms of this events is still not clear. The inhibition of the DNA repair system 
pathway in the embryos derived from cryopreserved sperm could give potentially some 
information on the possible lesions appeared in sperm genome after cryopreservation. 
However, the inhibitor of repair system i.e. caffeine used in this study did not reveal this 
information. Because of the wide range of actions of caffeine, involved in cell metabolic 
process, it is difficult to draw firm conclusions on the possible mechanisms of 
cryodamages. Therefore, in the next chapter another inhibitor of the DNA repair system 
that is known to be more selective will be used to study the possible events which may 
take place in embryos derived from cryopreserved sperm. The results obtained in the 
present chapter may potentially be useful in improving the cryopreservation technologies 
used in aquaculture. More studies need to be carried out on the effect of caffeine of 
different concentrations and for different species together with the mechanisms of the 
caffeine effect. 
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Figure 4.1a Survival of embryos before the 20th stage. Control - embryos derived from fresh sperm; control + caf - embryos 
derived from fresh sperm equilibrated in 2.6 mM caffeine solution for 1 h; cryo - embryos derived from cryopreserved sperm; 
cryo + caf - embryos derived from cryopreserved sperm equilibrated in 2.6 mM caffeine for 1 h. The initial quantity of eggs is 
considered as 100 %. Each bar represents an average value of embryo survival at all stages before the 20th stage. Significant 
pairwise differences are indicated by different letters (Duncan test p<0.05). 
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Figure 4.1 b Survival of embryos after the 20th stage. Control - embryos derived from fresh sperm; control + caf - embryos 
derived from fresh spenn equilibrated in 2.6 mM caffeine solution for 1 h; cryo - embryos derived from cryopreserved sperm; 
cryo + caf - embryos derived from cryopreserved sperm equilibrated in 2.6 mM caffeine for 1 h. The quantity of viable embryos 
at the 20th stage is considered as 100%. Each bar represents an average value of embryo survival at all stages after the 20th stage. 
Significant pairwise differences are indicated by different letters (Duncan test p<0.05). 
I----~- .____ ,,_~______._---~_~'_ .___-- __ ='7~_ 
---_.------'--~'~ _-'-'2..A~ 
123 
- --- -- --- ---- --- ---------- ------ ------- ------ ---- -----
a 

------e -­ -
~ 100 
'g( 
'-" 
b b 
ffj 800 
C 
.,.D 60 --1---------3S 
Cl) 
~ 
0 40 
....­
ro 
.>-,...... 20~ ;::s 
Vl 
0 
Female 1 Female 2 Female 3 Female 4 
Figure 4.2a Survival of embryos derived from different females before the 20th stage. The survival of embryos derived from each 
female is shown, the values are the average survivals across all four treatments (control, control + caffeine, cryopreservation and 
cryopreservation + caffeine). Each bar represents an average value of embryo survival at all stages before the 20th stage. Significant 
pairwise differences are indicated by different letters (Duncan testp<O.05). 
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Figure 4.2b. Survival of embryos derived from different females after the 20th stage. The survival of embryos derived from each 
female is shown, the values are the average survivals across all four treatments (control, control + caffeine, cryopreservation and 
cryopreservation + caffeine). Each bar represents an average value of embryo survival at all stages after the 20th stage. Significant 
pairwise differences are indicated by different letters (Duncan test p<O.05) 125 
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Figure 4.4a Survival of embryos at different developmental stages before the 20th stage. Fig 4.4a combined data from all treatments 
used in the experiment and for all females. Control - embryos derived from fresh sperm; control + caf - embryos derived from fresh 
sperm equilibrated in 2.6 mM caffeine solution for 1 h; cryo - embryos derived from cryopreserved sperm; cryo + caf - embryos 
derived from cryopreserved sperm equilibrated in 2.6 mM caffeine for 1 h. Significant pairwise differences are indicated by different 
letters (Duncan test p<O.05). 
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Figure 4.4b Survival of embryos at different developmental stages before the 20th stage. Fig. 4.4b presented data from the four 
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-Chapter 5: Effect of DNA repair inhibitor (3-Aminobenzamide) on embryo survival 
following by cryopreservation of loach (Misgurnus fossilis) spermatozoa 
a 
5.1. Introduction 
The integrity of spenn DNA is crucial for the accurate transmission of genetic 
infolTI1ation to future generations. DNA lesions in germ cells can lead to abortion, 
malformations, heritable disease and cancer. Most cells have several repair pathways to 
cope with the damage induced in their DNA. In contrast to most somatic cells, 
spermatozoa lack an effective DNA repair system (Genesca et aI., 1992). However some 
studies have shown that genetic lesions induced by exposure to mutagen factors in sperm 
DNA of different species can be repaired in the fertilised egg during the period between 
the entry of the sperm into the egg cytoplasm and the beginning of the next S phase 
(Sobels and Mendelson, 1975; Generoso et ai., 1979; Brandriff and Pedersen, 1981; 
Recoubratsky 1985; Recoubratsky 1989; Matsuda and Tobari, 1989). Although sperm 
cryopreservation is well established, it is still not clear whether cryopreservation has any 
effect on their genetic integrity. Clinical results do not reveal any dramatic biological 
hazards, but this may be due to the fact that the only criteria used to judge the sperm 
quality as "normal" were the capacity to fertilize and the lack of malformation at birth. 
Moreover small population samples make it more difficult to draw any firm conclusions 
with regard to genetic integrity. The "absence" of mutation is more often a reflection of 
the accuracy and sensitivity of the analytical technique. Although there is already 
evidence (Hamamah et ai., 1990; Royere et at., 1991; Bouquet et at., 1993; Hammadeh et 
aI., 2001) of changes in genetic integrity and stability caused by low temperature 
technology, the mechanism of these changes is still not clear. Are they unavoidable and 
rare, and are they caused by the process of cryopreservation itself or as secondary events 
caused by changes in the physiology of cells? For example, it has been proposed CEpe, 
1993) that an increase in intracellular calcium concentration, caused by cryopreservation, 
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could raIse the frequency of nuclear DNA breaks through endonuclease activation, 
together with the production of free radicals, which are known to be harmful. The study 
was based on the assumption that if cryopreservation affects the genetic integrity of 
spermatozoa, assuming their fertility is not compromised, the oocyte DNA repair system 
will be activated and reverse the deleterious genomic changes. In the study described in 
the previous chapter caffeine was used as an inhibitor of the loach oocyte DNA repair 
system under similar conditions. However, although caffeine has been widely used as an 
inhibitor of DNA repair system, the exact mechanism of its action is still not clear, and 
contrary to expectations, the addition of caffeine to the embryos derived from 
cryopreserved sperm significantly increased the survival of embryos. Therefore, to 
investigate another and more completely understood, DNA repair system inhibitor a 
further study was undertaken. Two crucial factors have been taken into consideration in 
choosing the inhibitor of the DNA repair system in the present study. The first is its mode 
of action and the second its ability to target particular elements of the DNA repair system 
which must be inhibited to register the expected effect. In the case of the study it was 
considered important to choose an essential component of the cascade of cellular 
reactions activated by DNA breakage. Preference was given to the poly (ADP-ribose) 
polymerase (P ARP) since it is an essential component of the DNA repair system (Chung 
et al., 1991) and one of the most conservative enzymes of the repair system among 
phylogenetically different species (Ozawa et al., 1993; Aoufouchi and Shall, 1997). 
PARP is one of the first nuclear factors to recognise lesions in DNA (D' Amours et al., 
1999). Poly(ADP-ribose) polymerases have been found in mammals, avians, reptiles, 
amphibians and fishes (Scovassi et al., 1986) as well as in non-vertebrate organisms such 
as plants (Chen et af., 1994) and lower eukaryotes (Werner et al., 1984; Faraone­
Mennella et al., 1998). The primary structure of P ARP shows a high level homology at 
the amino acid level between different species through evolution. The catalytic domain, 
in particular, is strictly conserved among vertebrates (100%) and highly conserved among 
all species (92%) (Arne et af., 2002). Four chemical classes of inhibitors ofpoly(ADP­
ribose) polymerase are known: nicotinamides (such as 5-methylnicotinamide), 
methylxanthines, thymidine and aromatic amides such as benzamides (Durcacz et aZ., 
1980). It has been shown (Burt scher et al., 1987) that all known PARP inhibitors 
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including 3-aminobenzamide (3-AB) also inhibit this enzyme in fish and because of its 
high homology between species, 3-aminobenzamide (3-AB) was used in the present 
study. Inhibition of the repair system was used as a tool to enhance any negative effects 
of cryopreservation. The survival of embryos derived from fresh and cryopreserved 
spenn was compared after treatment with 3-aminobenzamide (3-AB). Survival of 
embryos was evaluated before and after the 20th stage. The reason for the separate 
evaluation of embryo survival before and after the 20th stage has been given in detail in 
chapter 3. 
5.2 Results 
5.2.1 Effects of cryopreservation and 3-AB 
The effects of cryopreservation and 3-AB treatment on embryo survival are given in Fig. 
5.la & 5.lb. The ANOVA test shows a significant difference in the effect of the different 
20thtreatments, both before (F(4, 174)=159.484, p<0.01) and after the stage (F(4, 
257)=71.035, p<0.05). Further post hoc tests showed that cryopreservation of spennatozoa 
reduced embryonic survival significantly both before and after the 20th stage. Pairwise 
differences are indicated in the figures with different letters (Duncan test, p<O.05). 
Embryo survival decreased from 76.97 ± 2.79% in control to 53.6 ± 2.79% for embryos 
derived from cryopreserved spem1 before the 20th stage (Fig.Sa) and from 92.4 ± 0.87% 
to 90.6 ± 0.87% after the 20th stage (Fig.5b). When treated with 3-AB, there were no 
significant differences in embryo survival when compared with controls both before and 
after the 20th stage for embryos derived from fresh sperm. However the survival of 3-AB 
treated embryos derived from cryopreserved sperm was significantly lower than untreated 
embryos derived from cryopreserved spem1 both before (46.1± 2.79% compared to 53.6 
± 2.79%) and after the 20th stage (84.0±0.8% compared to 90.6±0.8%). It was also shO\vn 
(Fig.5.1a&5.1b) that the presence ofMe2S0 in a low concentration in the media just after 
fertilization did not affect survival after the 20t11 stage, although there was a decrease of 
survival before the 20th stage. 
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5.2.2 Variation between individual males and females 
Variation between females and between pools of spermatozoa appeared to significantly 
affect the outcome of the experiments (ANOV A, p<O.Ol) (Fig.5.2a&5.2b). Before the 
20th stage, the highest embryo survivals were obtained from females 1 and 2 (74.7±2.8% 
and 69.8±2.8%) and sperm pools 3 and 5 (65.7±2.8% and 67.4±2.8%) and the lowest 
from female 4 (51.7 ± 2.8%) and sperm pool 1 (59.3±2.8%) (Fig.5.2a&5.3a). However 
after the 20th stage the highest survivals were observed for female 2 (95.2±0.8%) and 
sperm sample 1 and 2 (92.6±1.5% and 92.9±1.5%) and the lowest parameters were 
obtained for the female 1 (86.1±0.8%) and sperm sample 3,4 and 5 (89.O±1.5%, 
89.2±1.5% and 88.8±1.5%) (Fig.5.2b&5.3b). 
5.2.3 Embryo survival at different developmental stages 
Embryo survival at different developmental stages was also analysed (Fig.5.4 & 5.5). 
Survival both before and after the 20th stage decreased with embryo development, falling 
from 75.6 ± 1.78% at the 10th stage to 52.4 ± 1.78% by the 20th stage (Fig.5.4a). Two 
factor interactions such as treatment and embryo developmental stage revealed that the 
difference in survival of embryos treated in different ways appeared only from the 20th 
stage onwards (Fig. 5.4b). Embryo survival after the 20th stage also decreased with 
embryo development from 91.9 ± 0.7% at the 24th stage to 86.3 ± 0.7% at the 36th stage 
(Fig. 5.5). 
5.2.4 Deformities ofembryos 
An unexpected observation was made in one set of the experiments. One out of four 
females used in multifactor experiment produced two-headed embryos (Plate 5.1) 
Frequency of two-headed embryos in controls at hatching stage was 0.8±0.9% for the 
same female. The incidence of the two-headed embryos derived from fresh sperm with 
subsequent exposure of embryos to the DNA repair system inhibitor was similar 
1.O±O.3%. But when cryopreserved spermatozoa were used for fertilisation of eggs from 
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the same female following exposure of embryos to 3-AB, the quantity of two-headed 
embryos increased significantly (2.4±O.5%, p<O.05) (Fig. 5.6). This figure was also 
significantly higher than control +3 -AB treated embryos. 
5.3 Discussion 
Genomic integrity is under constant threat even under normal physiological conditions. 
The range ofpossible changes in DNA under both normal and extreme conditions is quite 
varied (e.g., single- and double-strand breaks, chemically modified bases, abasic sites, 
bulky adducts, inter- and intra-strand cross-links, and base-pair mismatches). All of these 
have many direct and indirect effects on cells and organisms and can result in mutation, 
genetic recombination, the inhibition or alteration of cellular processes, chromosomal 
aberrations, tumorogenesis and cell death. To maintain the integrity of system under this 
diversity of threats there is a range of DNA repair processes. Repair processes in cells can 
be classified into three main groups: direct repair (in which abnormalities are chemically 
reversed), recombinational repair (consisting of homologous and non-homologous 
recombination) and excision repair (in which a section of the DNA strand containing an 
abnormality is removed and a repair patch is synthesised using the intact strand as a 
template). Though fish are widely used as a model system in studying effects of 
mutagens, carcinogens and other chemical and physical factors (Hendricks et al., 1984), 
information on their DNA repair system is limited. Although there is evidence that in 
general fish exhibit only a limited capacity for DNA repair (Bailey et al., 1996), all basic 
pathways of the repair system have been proven to exist (Ahmed, et al., 1993; Ishikawa 
et al., 1984) including the presence of PARP (Burtscher et al., 1987; Hagmann et aI., 
1998). 
Inhibitors of the repair system are widely used in experimental models where the repair 
capacity of fertilised eggs needs to be studied. Previous studies have shown that the 
genetic lesions in sperm DNA induced by exposure to chemicals or ionising radiation can 
be repaired in the fertilised egg (Recoubratsky 1989; Matsuda and Tobari, 1989; 
Ashwood-Smith and Edwards, 1996). Various types of repair inhibitors with different 
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modes of action are capable of altering the incidence of chromosome aberrations induced 
in spennatozoa following different genetically toxic treatments. It was predicted that if 
sperm cryopreservation causes a disturbance to the male genetic integrity then adding a 
repair system inhibitor to the embryos derived from cryopreserved spermatozoa would 
enhance the negative effect. If there is no damage to the paternal genome, then the oocyte 
repair system will not be activated after fertilisation and under these circumstances the 
addition of the DNA repair system inhibitor should not influence the outcome. It has been 
shown that in the presence of DNA strand breaks, P ARP activity can be increased by 10­
500-fold (Wielckens et al., 1983; Alvarez-Gonzalez and Althaus, 1989; Simonin F et aI., 
1993). Our results showed that whilst there was no effect of 3-AB on the survival of 
embryos derived from fresh spermatozoa, the post-fertilisation addition of 3-AB to the 
embryos derived from cryopreserved spermatozoa significantly decreased embryonic 
survival. 
3-AB is known as a powerful inhibitor of poly (ADP-ribose) polymerase (pARP), but 
does not have profound metabolic effects in undamaged cells (Durkacz et al., 1980; Ding 
et al., 2001) and this was also confirmed by the present study. It has been shown that the 
use of 3-AB at moderate concentrations in vivo is a reliable way to specifically inhibit 
poly(ADP-ribosyl)ation (D' Amours et a!., 1999). The chromatin-associated enzyme 
PARP is a protein that uses NAD as a substrate to catalyse the covalent transfer of the 
ADP-ribose to a variety of nuclear protein. P ARP is required for cellular repair. While 
PARP is constitutively expressed in all proliferating and many non-proliferating cells, its 
catalytic activity depends critically on the presence of single-strand or double-strand 
breaks in DNA (Benjamin and Gill, 1980; Aoufouchi and Shall, 1997), which are 
recognised by two zinc fingers within the amino-terminal DNA-binding domain of the 
enzyme. DNA-break binding causes the immediate and dramatic activation of the 
catalytic centre residing in the carboxyl-terminal NAD+-binding domain. It is suggested 
that PARP acts as a "sensor" for DNA breaks (Von Zglinicki et al., 2001) in the context 
of cell cycle checkpoints. Although there is plenty of evidence of the importance and 
involvement of PARP in many biological processes, including differentiation, DNA 
replication, development, the response to DNA damage, apoptosis and gene expression, 
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the precise mechanism ofPARP activity in the process of DNA repair and its inhibitors is 
still unknown (Sugimura and Miwa, 1994). The molecular details of the structure­
function relationship of genome and ADP-ribose polymer the product of P ARP activity 
are still poorly understood. It is possible that cryopreservation results in alteration of 
metabolic conditions to the chromatin of sperm, which consequently activate P ARP in 
eggs fertilised with cryopreserved spenn. It's been shown before that in the presence of 
DNA strand breaks, P ARP activity can be increased by 10-500 fold (Wie1ckens et al., 
1983; Alvarez-Gonzalez and Althaus, 1989) while cellular NAD levels are 
correspondingly reduced (Simonin et al., 1993). 
Significant differences between individual females in survival of their embryos have been 
identified in the present study and the findings are in agreement with previous results 
presented in chapter 4. The survival after the 20th stage is the main focus of the present 
study. There are at least two possible maternal factors which could affect the survival of 
embryos after the 20th stage. The first is genetic constitution of a female that might 
influence the quality of ova produced. The second might lie in female ability to cope with 
possible cryo-damage within the paternally contributed material. If the second 
explanation is correct it would imply that different females may exhibit variability in the 
efficacy of their DNA repair systems and also that spermatozoa are vulnerable to genetic 
damage during cryopreservation. Though there are data in the literature about maternal 
input in survival of embryos carrying paternally contributed genetic lesions and it 
dependence on female DNA repair system (Malashenko and Semenov, 1980) as much as 
on intrinsic differences or genetic constitution, the data obtained in the present study do 
not allow us to differentiate the impact of the two different factors. It is clear that the 
female has a significant influence on embryo survival within the present investigated 
system, but more studies are needed to elucidate the mechanism of this phenomenon. The 
significant impact of different sperm pools on embryo survival after cryopreservation was 
observed in this study. In our previous results (see chapter 3) the differences between 
sample pools were not significant. It is premature to draw any conclusions from this. 
Further studies are needed. 
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The phenomenon of double-headed embryos has been known for a long time (Niehrs, 
2001). However, Spemann and Magnold in 1924 (Wolpert, 2002) were the first to 
describe this phenomenon. They carried out the famous organiser transplant experiment 
in amphibian (Xenopus laevis) embryos. They showed that a partial second embryo could 
be induced by grafting one small region of a newt embryo onto a new site on another 
embryo. The grafted tissue was taken from the dorsal lip of the blastopore- the slit-like 
invagination that forms where gastrulation begins on the dorsal surface of the amphibian 
embryo. This small region was called the organiser, since it seems to be ultimately 
responsible for controlling the organisation of a complete embryonic body. Later studies 
showed that formation of the organizer is one element within a long chain of events that 
occur during mesoderm formation and differentiation. Briefly a model of mesoderm 
induction involves at least four different sets of signals. Induction by the vegetal region 
involves at least two sets of signals: one is a general mesoderm inducer, broadly 
specifying a ventral type mesoderm, which can be considered the ground or default state. 
The second signal, from the Nieuwkoop centre, which is a signalling centre in the vegetal 
region on the side opposite sperm entry, acts simultaneously or a little later, and specifies 
the dorsal-most mesoderm that will contain the Spemann organizer and form the 
notochord. There are then two further sets of signals, which pattern the ventral mesoderm 
along the dorso-ventral axis, subdividing it into prospective muscle, kidney, and blood. 
The third set of signals comes from the organizer region and modifies the ventralising 
action of the fourth set of signals, which comes from the ventral region. This model does 
not imply that only four distinct signalling molecules are required. It is quite possible 
that each "signal" represents the actions of more than one molecule. A number of 
proteins seem to be involved in patterning the mesoderm along the dorso-ventral axis 
once it has been induced. The overexpression of some proteins, especially from third and 
fourth sets can induce the formation of a second axis and duplication of the head. The 
following factors may be potentially responsible for the formation of the second head: 
Noggin, chordin (Sasai et aI., 1994), follistatin (Miller-Bertoglio et a!., 1997), dickkopf 
(dkkl) (Niehrs, 2001), goosecoid, ~-catenin (Kelly et al., 1995), duplin (Kobayashi et aI., 
2002) and others. 
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The fonnation of mesoderm strongly depends on the preVIOUS developmental events 
involved in fonnation of ectoderm and endodenn. It has been generally accepted that all 
the ectoderm and endoderm are specified by maternal factors in the egg. The mesoderm, 
however, is different, and its formation is dependent on signals from the endodenn. The 
formation of mesoderm in amphibians is dependent on induction signals produced by the 
vegetal region of the blastula. In fish, the mesoderm is induced by the yolk syncytial 
layer and transplanted yolk syncytial layer can induce both endoderm and mesoderm. 
Therefore the formation of double headed embryo is believed to be influenced by 
maternal factors (Wolpert 2002). This might explain why two-headed embryos were only 
formed in one particular female even in the control. To the best of my knowledge there is 
not sufficient infonnation on the paternal contribution for the fonnation of twinned 
embryos in the literature at present time. Therefore it is difficult to interpret the data 
obtained in this study. The explanation of the fact that cryopreserved sperm significantly 
increased the frequency of the two headed embryos can only be speculative. What must 
be taken into consideration is that dorso-ventral asymmetry is predetennined already on 
the fertilisation stage by the place where the spermatozoon enters the oocyte. After 
fertilization of eggs, the cortex rotates relative to the cytoplasm, resulting in the 
formation of a cytoplasmic and transplantable dorsal-determining activity opposite the 
sperm entry point (Moon and Kimelman, 1998). 
There is still little known how the changes in physical and biochemical characteristics of 
the sperm immediately after thawing would affect the initial process of oocyte activation 
and subsequent embryo development. The present observations suggest that there are 
some changes in cryopreserved spermatozoa that might affect the initiation of the process 
of development. In the case of malfunction from the maternal side, the process of freeze­
thawing may be negatively magnifying. Another possible conclusion that has emerged 
from these observations is that the formation of double-headed embryos is not solely a 
maternally dependent process. There must be some other paternally dependent 
mechanisms that are involved in the process ofmesoderm differentiation. 
'n:'.:...J..... {:. 
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5.4 Summary 
Semen cryopreservation is widely used in clinical medicine, agriculture, aquaculture and 
biomedical research, but the technique induces extensive cytoplasmic damage and loss of 
fertilising ability. Whether any genetic damage (i.e. DNA strand breakage or mutation) is 
also induced is still unclear, but previous data has indicated that this is likely. The present 
study was designed to explore this possibility by using specific inhibitors of the DNA 
repair system to block DNA repair in embryos derived from cryopreserved spermatozoa. 
If cryopreservation causes strand breaks in sperm DNA it might be expected that 
inhibition of a repair enzyme such as poly ADP-ribose polymerase (P ARP) would 
enhance any such negative effect of cryopreservation. To check this hypothesis 3­
aminobenzamide (3-AB) was used as an inhibitor of PARP. Weather loach (Misgurnus 
fossilis) eggs were fertilised using cryopreserved as well as fresh spermatozoa. Embryos 
derived from cryopreserved spermatozoa were exposed to 10 mM 3-aminobenzamide for 
2 hours after fertilisation. The experiments were carried out using 43,544 embryos from 5 
females and 10 males. Embryo survival was evaluated at different stages until the 
hatching stage. Sperm. cryopreservation significantly decreased embryo survival 
(53.6±2.79% compared to 76.97±2.79% of control; p<O.Ol). The addition of 3­
Arninobenzamide to the medium with embryos derived from cryopreserved sperm. further 
decreased embryo survival from 53.6±2.79% to 46.1±2.79% (p<O.Ol) whereas there was 
no adverse effect of 3-AB exposed embryos derived from fresh sperm (76.97±2.79% of 
control compared to 74.76±2.79% of control + 3-AB). The effect of 3-Aminobenzamide 
provides indirect evidence that cryopreservation might induce instability in sperm. DNA, 
and that such damage is repaired by the oocyte repair system after fertilisation. 
One female produced a low incidence of two-headed embryos when her oocytes were 
fertilised with fresh sperm O.8±O.9%. When cryopreserved sperm was used for 
fertilization of eggs from this female, followed by exposure of embryos to 3-AB, the 
quantity of two-headed embryos increased significantly (2.4±O.5%) (Fig. 4.6). This 
significant increase did not happen when 3-AB-treated embryos were derived from fresh 
sperm (l.O±O.3). Though, it is generally believed that formation of two head embryos has 
142 
-­
maternal origin, these results demonstrate that there may also be a paternally derived 
mechanism that can affect the formation of the second axis in the embryo. 
The study described in this chapter demonstrates that cryopreservation of sperm affects 
the future development of the embryos. The presence of the negative effect of3-AB as an 
inhibitor of P ARP suggests that cryopreservation of sperm might induce genetic damage 
that can be ameliorated by the DNA repair system of the egg. The present observations 
suggest that there are some changes in cryopreserved sperm that might affect the 
initiation of the process of development. In the case of malfunction from the maternal 
side the process of freeze-thawing can amplify negative predisposition. The formation of 
double-headed embryos is widely thought to be a maternally dependent process, but some 
paternal factors must be involved in the mesoderm differentiation. 
Several conclusions, derived from this chapter can serve as a basis for further 
investigations. But in relation to the main focus of the present project the most important 
conclusion is that cryopreservation of sperm does appear to cause some genetic instability 
that results in a decreased embryo survival. Amplification of enhancive negative effect of 
the inhibitor of the DNA repair system supports this conclusion providing stronger 
evidence for the involvement of the genome. The utilization of the inhibitor of repair 
system with selective mode of action as in the present study, gives not only evidence that 
the genome of sperm might be affected by the process of cryopreservation but also 
provides some ideas about possible mechanisms of these lesions. On the basis of our 
knowledge of the biology of P ARP the presence of single strand breaks in DNA as well 
as point mutations can be suspected. More direct methods must be applied to determine if 
this true. The following chapter will describe the results obtained with the help of direct 
analysis of the DNA in the cells subjected to different cryoprotectant treatments as well 
as cryopreservation. 
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Plate 5.1 The images of two-head and normal 
fries (Misgurnus foss ilis) 
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Figure S.la Survival of weather loach embryos before the 20th stage. Control- embryos derived from fresh sperm; con 
+ 3-AB - embryos derived from fresh sperm equilibrated in 10 mM 3-AB solution for 2 h; con + Me2S0 - embryos 
derived from fresh sperm equilibrated in 1.4% w/v Me2S0 for 3 minutes after fertilisation; cryo - embryos derived 
from cryopreserved sperm; cryo + 3-AB - embryos derived from cryopreserved sperm equilibrated in 10 mM 3-AB 
solution for 2 h, The initial quantity of eggs is considered as 100 %. Each bar represents an average value of embryo 
survival at all stages before the 20th stage. Significant pairwise differences are indicated by different letters (Duncan 
test p<0.05). 
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Figure 5.1 b Survival of weather loach embryos after the 20th stage. Control - embryos derived from fresh sperm; con + 3­
AB - embryos derived from fresh sperm equilibrated in 10 mM 3-AB solution for 2 h; con + Me2S0 - embryos derived 
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p<0.05). 
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Figure 5.2a Survival of weather loach embryos derived from different females before the 20th stage. The survival of embryos 
derived from each female is analysed considering all types of treatments (control, control + 3-AB, control + Me2S0, 
cryopreservation and cryopreservation + 3-AB). Each bar represents an average value of embryo survival at all stages before the 
20th stage. Significant pairwise differences are indicated by different letters (Duncan test p<O.05) 
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Figure S.2b Survival of weather loach embryos derived from different females after the 20th stage. The survival of embryos 
derived from each female is analysed considering all types of treatments (control, control + 3-AB, control + Me2S0, 
cryopreservation and cryopreservation + 3-AB). Each bar represents an average value of embryo survival at all stages after the 
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Chapter 6: Effect of cryopreservation on mitochondrial DNA of zebrafish (Danio 
rerio) blastomere cells 
6.1 Introduction 
Cryopreservation techniques are widely used in assisting human reproduction as well as 
many other animal species. Both assisted reproductive and cryopreservation technologies 
have been revolutionized in the last 50 years, however, despite the growing success of 
cryopreservation even the best techniques can still cause extensive lethal and sublethal 
cryoinjuries to the cells. Studies of the mechanisms of cryoinjuries have investigated the 
damage to a wide range of cellular structures. It has been demonstrated that 
cryopreservation involves dramatic cellular and biochemical changes, such as enzyme 
inactivation (Fahy 1986, Carpenter 1988), ionic disturbance or attack by free radicals 
(Alvarez and Storey, 1992; Petrenko 1992). However, very limited investigations of 
genetic stability during cryopreservation have been performed, and the safety of this 
approach still needs to be confirmed. 
Several targets of major importance to further development and life are present in early 
embryonic cells, including nuclear and mitochondrial DNA. Whereas the effect of 
cryopreservation on nuclear genome has been the focus of some investigations (Bouquet 
et ai., 1993; Komilova et at., 1997, Honda et a!., 2001), the effect on mitochondrial DNA 
has not been studied. Cryopreservation is known to be responsible for the increased 
production of reactive oxygen species (ROS) (Mazzilli et al., 1995; Tselkas et al., 2000). 
During the cold storage at -196° C, the frozen cells will be in a reduced or hypoxic state, 
particularly in the mitochondrial electron transport, due to paucity of 02 and subsequently 
the ATP deprivation will follow. Excess electrons produced by a hypoxic state of the 
electron transport component may be in contact with molecular oxygen when oxygen is 
restored to the cell, thus leading to the formation of free radicals (Fuller, 1991). These 
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peroxidation products are highly deleterious and can produce both strand breaks and base 
modification (Lopes et ai., 1998). Mitochondrial DNA (mtDNA) is generally more 
sensitive to ROS than nuclear DNA (Yakes and Houten, 1997). It is estimated that 
nucleotide substitutions (point mutations) are present at a 10-fold higher frequency in 
mtDNA than in nuclear DNA (Shadel and Clayton, 1997). The higher mutation rate of 
mtDNA can be attributed to at least two general factors: (a) an increased susceptibility of 
mtDNA to mutation due to the lack of chromatin structure and histone protection, and (b) 
a relatively insufficient repertoire of enzymic DNA repair activities devoted to the 
removal of damaged nucleotides. 
Sperm, oocytes and embryo cryopreservation techniques are important tools for the 
development of programmes for ex situ conservation of genetic diversity in animal 
species. Cryopreservation of fish sperm has been successful for many teleost species 
(Harvey 1982), but the technique does not overcome the loss of mitochondrial DNA, 
which is in general inherited from the maternal side (Gyllensten et ai., 1985; Kaneda et 
al., 1995). Successful cryopreservation of intact fish embryos has not yet been achieved. 
One way to maintain the genetic diversity of both nuclear genome and mitochondrial 
DNA is the cryopreservation of isolated blastomeres that could be transplanted into 
recipient blastulae after thawing (Nilsson and Cloud, 1989; Lin 1992). One advantage of 
using blastomere cells is that both nucleus and mitochondrial genome can be preserved. It 
is important to estimate how technologies such as cryopreservation can interfere with the 
structure and function of the above-mentioned elements. The main aim of the present 
study is to estimate the effect of cryoprotectants and cryopreservation process on 
deoxyribonuc1etide material. The study is focused on the mtDNA of zebrafish (Dania 
reria) blastomere cells. Selected regions of mtDNA from cryopreserved andlor 
cryoprotectant treated cells were sequenced and the results were compared with these 
obtained from the controls. 
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Fig. 6.1 Electrophoresis of PCR products 1, 2, 3 lines - control treated cells locus cox, 

loop and CD 4-12 lines - cryopreserved cells (line 4, 6,9, 11 locus cox; line 5, 7, 10, 12 

locus loop; line 8 locus CD) 
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Fig. 6.2 Electrophoresis of PCR products. 1, 2, 3, 4 lines - control treated cells, locus 
loop; 5, 6, 7, 8 lines - Me2SO 2M treated cell, locus loop. 
6.2 Results 
Before applying analysis of genetic materials, cells were subjected to different treatments 
of commonly used cryoprotectant such as Me2S0 at 2 M concentration and 
cryopreservation using lAM Me2S0 as a cryoprotectant. The different concentrations of 
Me2S0 were used deliberately. Where the cells were equilibrated with cryoproteant 
without consequent freezing the concentration of cryoprotectant was chosen to test as 
high as possible concentration of cryoprotectant that does not kill cells immediately. 
Whereas for cryopreservation media, the concernntration of Me2S0 was chosen on the 
base of commonly used protocols. One-hour equilibration resulted in 94.4±O.8% survival 
in control solution and 64.4±5.9% in 2 M Me2S0. Cell survival after freezing and 
thawing was 25.23±4.3%. Cells subjected to different treatments were used directly for 
peR. Availability of PCR products was checked on the 1.3% agarose gel. Figures 6.1 & 
6.2 present different bands for samples subjected to different types of treatments. 
Analysis of sequences (Fig. 6.3) based on counting of nuclear base substitutions in more 
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than 90 samples showed that cryopreservation significantly increased the frequency of 
mutation and it was 0.78±0.24% in comparison with O.24±0.23% in control (p<O.05)(Fig. 
6.4).2 M Me2SO treatment did not bring a significant increase in frequency of mutations 
0.22±0.29%. Since there were three different mtDNA loci subjected to investigation, the 
effect of location on the mutation frequency was checked and the results showed that the 
level ofmutation frequencies was similar for all three loci (Fig. 6.5). 
6.3 Discussion 
This study presents evidence that one or more events of cryopreservation might be 
responsible for damage to mtDNA. The frequency of mutations in the mitochondrial 
DNA from cryopreserved blastomeres was higher than that observed in control. Exposure 
of blastomeres to the freezing extender containing Me2SO alone did not affect the 
mtDNA stability whereas cryopreservation using the same cryoprotectant resulted in 
DNA dan1age. These results demonstrate that procedures commonly used for 
cryopreservation can lead to damage of mtDNA. 
The process of cryopreservation involves a range of extreme factors that might be 
stressful to the cells. They vary depending on the cell type and protocol used in each 
particular case. Briefly, cells are subjected to a range of stresses during cryopreservation 
including: specific and nonspecific effects of cryoprotectants; changes in osmotic 
pressure; redistribution in the ionic compounds; changes in pH; dehydration; phase 
transition of biopolymers; mechanical overloading by ice crystals; electrical tension 
between crystals; effect of increased hydrostatic pressure; the influence of substances that 
can be produced as a result of interaction between cell suspension and cryoprotectant 
media (e.g. formaldehyde (Karran and Legge, 1996)); excess of free radicals. 
Several factors mentioned above can potentially cause lesions in the DNA. One of them 
is the excessive production of free radicals. Cryopreservation procedures have also been 
reported to generate reactive oxygen species (ROS) (Ahn et aZ., 2002; Mazzilli et at., 
1995; Tselkas et aI., 2000; Wang et aI., 1997) as well as to reduce the activities of 
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antioxidant enzymes such as catalase, glutathione peroxidase (GPx) and superoxide 
dismutase (SOD) (Bilodeau et ai., 2000). It can be speculated that increased production 
of free radicals could be one of the causes of point mutations in the present study. More 
investigations are clearly needed to study the mechanisms of disturbance of DNA during 
cryopreservation. 
Equally important is the question as to whether such changes affect the overall functions 
of the cells. In vertebrates, mtDNA is present in multiple copies (usually 103_ 
104copies/cell) (Shadel and Clayton, 1997). Blastomere cells have a higher quantity of 
mtDNA compared to all other types of cells (Wang and Van, 1992). Mitochondrial DNA 
is responsible for the expression of 13 polypeptide components of the respiratory-chain 
enzyme complexes located in the inner mitochondrial membrane. Although they 
contribute only a small portion of the total set of proteins, all 13 mtDNA-encoded 
components are presumed to be essential as they are necessary for oxidative 
phosphorylation in the mitochondria and hence for the production of cellular ATP. 
1 	 There is a convincing body of evidence (Richter et ai., 1988; Sawyer and Houten, 1999) 
i 
that oxidative stress increases the level of mutations in mtDNA and there is a correlation I 
between the level of mutations and age or conditions of cells. However, there has been no 
direct evidence that accumulation of mtDNA mutations can cause cellular malfunctions. 
Several theories on this matter have been proposed. One of them suggested that DNA 
damage might block the progression of the transcription machinery, leading to a decline 
in mitochondrial mRNA and proteins. Because mitochondrial genes code for proteins of 
I 	 the electron transport chain, the lack of expression leads to decline in oxidative 
phosphorylation, increased ROS production, and further damage (Sawyer and Houten, 
1999). 
A strong link has been established between the effects of free radicals on the 
mitochondrial genome and the mitochondrial inner membrane potential (~\jJm). ~\jJm is 
important to functional mitochondrion. This potential is achieved through protons being 
pumped across the inner mitochondrial membrane as a result of oxidative 
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phosphorylation and is used as a marker for assessing overall mitochondrial function. It 
was shown that in cells containing less than 50%-55% ilmtDNA, no differences from 
controls was recognized, but when the proportion of ilmtDNA exceeded this threshold, 
the ~\lfm, rate of ATP synthesis, and cellular ATP/ADP ratio decreased (Porteous et aI., 
1998). The loss of il\(fm can also result in release of specific apoptotic factors, for example 
cytochrome C and apoptotic inducing factor from the mitochondria, which initiate the 
process of cell degradation (St John et at, 2000). It was also proposed that mitochondria 
DNA could regulate the cells response to local environmental factors through their 
sensitivity (St John et at, 2000) or can be considered as a molecular clock that measures 
cell age (Wallace 1994). However, little is known about the relationship between mtDNA 
and nuclear DNA. Recent studies carried out on yeast have shown that the genetic 
background of mitochondria influences the genetic activity of the nuclei (Saccone 1994). 
Despite the suggestions in the literature about the possibility of cellular malfunction 
caused by the mutations in mtDNA, it is premature to make any conclusions from the 
present study. 
The analysis of spectrograms (Fig. 6.6) can provide more useful information on the 
mutations. The extreme factors of cryopreservation are more likely to act on mtDNA 
randomly and it is difficult to predict the exact place of damage. At the same time it is 
possible to expect for lesions, caused by non-specific extreme factors, to occur in 
different places for different molecules of mtDNA. Therefore the analysis undertaken in 
present study would reflect the overall changes in the pool of analysed molecules. Taking 
into consideration that each cell contains up to 1000 molecules ofmtDNA and thousands 
of cells were used for peR, it can be expected that the pool of the mtDNA subjected to 
analysis contained at least thousands ofmtDNA molecules. In this case it is unrealistic to 
expect that all of the mtDNA molecules would have mutation at the same place and at the 
same time. The spectrogram analysis proves this expectation (Fig. 6.6). The peak that 
shows the mutated nucleobasis (C) coexists with another normal peak (T). Therefore it 
can be speculated that some molecules had T and some C basis in analysed pool of 
mtDNA molecules. It is also possible that some other sub-fractions coexisted but they 
were in the quantity that could not be estimated with the help ofthe present method. 
'I 
I 
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-Although it has been established in the present study that some of mutations were 
missense (6579 A~G or 6582 T ~C, for example), it is still impossible to say whether it 
would affect the overall function of the cell. In this case, it is important to point out that 
some of the characteristics that reflect the mitochondrial function can be damaged by 
cryopreservation in ways other than as a consequence of mutations in mtDNA. For 
example, the changes in ~\Vm is known to be affected directly by cryopreservation 
(Petrenko 1992). So it is not an easy task to estimate cause-consequence connections. 
No significant differences were established between the three different mtDNA loci. 
Although there are data in literature that suggest the existence ofhot spots in the mtDNA, 
usually they are related to the locations of the direct repeats and deletion-type mutations 
(Tanhauser and Laipis, 1995). The work presented here reported for the first time that 
cryopreservation affects mtDNA. It has been shown that cryopreservation can result in 
an increased level ofmutation in the mtDNA. 
More investigations are needed to elucidate whether optimisation of cryopreservation is 
effective in reducing the adverse effect; whether such mutations interfere with overall 
function of cells and have any consequences for the future development and whether 
similar changes occur in the nuclear DNA. Meanwhile it is important to be cautious in 
making judgements of the safety ofcryopreservation techniques in reproduction. 
6.4 Summary 
It is known that cryopreservation causes extensive damage to membrane, results in 
decreased metabolism of cells, and disturbs the bioenergetical processes of cells by 
damage in mitochondria. But very limited investigations of genetic stability during 
cryopreservation have been performed, and the safety of this approach still needs to be i! 
confirmed. Some indirect data in literature suggests that progress in this field might come 
from investigating freezing damage to mitochondrial DNA, nuclear DNA and other 
genome related structures. 
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In this study zebrafish blastomeres were treated in three different ways: control 
suspension of blast orne res cells in phosphate buffered saline; equilibration of bIas tome res 
with 2M dimethyl sulfoxide (Me2SO) for 1 hour at room temperature and 
cryopreservation using Me2SO as a cryoprotectant. Mitochondrial DNA was analysed in 
fresh cells and after different treatments. Three different loci of mtDNA were amplified 
with the help of peR and sequenced afterwards. Resulting sequences were analysed and 
nuclear base substitutions were counted for control and treated samples. It has been 
shown that cryopreservation significantly increased the frequency of mutation and it was 
O.78±O.24%in comparison with O.24±O.23% in control. Me2SO treatment did not bring a 
significant increase in frequency of mutations O.22±O.29%. No significant difference 
between different loci of mtDNA analysed in this study was found. 
It is the first time that the effect of cryopreservation on mtDNA is reported. This study 
raised a lot of new questions that must be studied in a future. Different protocols of 
cryopreservation must be tested in a relation to the mtDNA stability. Another challenging 
task would be to find if established mutations in mtDNA interfere with an overall 
function of cells and nuclear DNA activity. Meanwhile it is premature to make any finn 
conclusion about safety of cryopreservation techniques in reproduction. 
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Figure 6.4 The frequency of mutations in mtDNA of zebrafish blastomeres after different treatment. (Control - 10% 
fetal bovine serum, Me2S0 - cell exposed to 2 M Me2S0 for 1 hour, Cryo- cells subjected to cryopreservation 
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Chapter 7: Conclusions 
7.1 Achievement of the aims and objectives 
The aim of the present work was to determine whether the procedures used in 
cryopreservation would cause direct structural changes in DNA material and to 
evaluate if cryopreservation, applied in this study to reproductive cells, ~ould 
have any possible deJayed effect on embryo development. Two main approaches: 
direct and indirect were undertaken. 
The indirect study has produced evidence that cryopreservation of sperm might 
create some instability in genetic apparatus that could result in a decrease in 
embryo survival prior to the hatching stage. Not only did cryopreservation caused 
decreased survival of the embryos derived from cryopreserved sperm, but the 
equilibration of sperm in cryoprotectants without further freezing and thawing 
also affected the survival of embryos. These results suggest some instability of 
genome from the initial stages of cryopreservation. Although these indirect data 
did not elucidate the mechanism of possible damage they demonstrate the delayed 
effect of cryopreservation on the further development. Further studies are needed 
over a prolonged time period to be able to register not only the decrease of 
embryo survival as in the present study but also other phenotypic changes if any. 
In order to leam more about the possible mechanisms involved in genetic 
instability after cryopreservation, the experimental model with different inhibitors 
of DNA repair system was employed. That gave the' possibility of not only to 
obtaining some evidence that single strand breaks might derive from 
168 
cryopreservation in the DNA, but also to find a method of rescuing the negative 
effect of cryopreservation on the genome. 
In order to have more information on possible effect of cryopreservation to the 
genome more direct studies were undertaken. The changes in the DNA were 
studied directly after cryopreservation and equilibration with cryoprotectants 
using molecular biology methods, such as peR and sequencing. It has been shown 
that cryopreservation of fish blastomere cells can cause point mutations in the 
mtDNA. Some of the identified mutations could have an effect on protein 
structure. But it is not known yet if these mutations in mtDNA would effect the 
overall function of the cells. However, it has demonstrated the principal 
possibility of genetic instability caused by process of cryopreservation, as well as 
by some cryoprotectants. 
7.2 Review of main findings 
7.2.1 Studies on genotoxicity of dimethyl sulfoxide, ethylene glycol, methanol 
and glycerol to loach (Misgurnus fossilis) speml and the effect on subsequent 
embryo development 
The objectives of this work were to study the effect of the cryoprotectant 
equilibration process on Loach (Misgurnus fassilis) sperm, using embryo survival 
as an indicator of genetic failure. Loach sperm were equilibrated in 
cryoprotectants Me2SO, ethylene glycol, glycerol, methanol (0.6, 1.2, 2.5 M) for 
60 min at 10°e. The results showed that all studied cryoprotectants at 
concentrations greater than 1.2 M had significant effect on the survival of the 
embryos after the 20th stage. The effect of glycerol was the most significant with 
only 64.8±2.4% of the embryos surviving compared to 77±2.4% of the control. 
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Me2S0 treatment also affects embryo survival significantly after the 20th stage and 
decreased to 69.2±2.4% compared to 77±2.4% in control (P<O.05). Effect of 
different female egg donors and developmental stages were assessed as well. The 
highest survival rate was found for female 3 (90.3±2.0%) before the 20th stage and 
females 3 (78.2±2.4%) and 4 (79.2±2.4%) after the 20th stage. The lowest survival 
was obtained for female 1 before (41.8±2.0%) and after (60.2±2.4%) the 20th 
stage. More studies are necessary to explain the mechanism of possible decrease 
of the survival of embryos. The subsequent study used a similar approach to 
detennine if cryopreservation of sperm would result in a decrease in embryo 
survival by using additives that were expected to enhance the negative effect of 
cryopreservation and help elucidate the mechanisms resulting in decreased 
embryo survival. 
7.2.2 Effects of caffeine on the DNA repair system and embryo survival following 
cryopreservation of loach (Misgurnus fossilisj sperm 
In this study the effect of an inhibitor of DNA repair system, caffeine, on the 
survival of embryos derived from cryopreserved sperm was investigated. It was 
expected that if cryopreservation resulted in a decrease in embryo survival 
through genetic instability of the paternal genome, that the addition of caffeine as 
an inhibitor of repair system would enhance any detrimental effect on embryo 
survival. Cryopreservation of sperm significantly decreased embryo survival 
(53.4 ± 2.8 % compared to 68.4 ± 2.8 % of control) after the 20th stage. However, 
the addition of caffeine to the embryos derived from cryopreserved sperm, in 
contrast to our expectation, significantly increased survival of loach embryos 
(70.9 ± 2.8 % compared to 53.4 ± 2.8 % of embryos derived from cryopreserved 
sperm in the absence of caffeine). The effect of individual donors of sperm and 
eggs on overall embryo survival was also studied. Whilst no significant 
differences were observed between males, the effect of individual females on 
embryo survival was significant. For both before and after the 20th stage, the 
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highest embryo survival was obtained from female 3 (79.2 ± 3.7% and 76.95 ± 
2.7%) and the lowest from female 1 (49.0 ± 3.7% and 43.3 ± 2.7%). Embryo 
survival for female 4 was also significantly different from the other three females, 
and this difference became more prominent after the 20th stage. The analysis of 
embryo survival at different developmental stages showed that embryo survival 
both before and after 20th stage decreased with embryo development. Embryo 
survival decreased from 94.3 ± 3.2% at the 6th stage to 42.3 ± 3.2% by the 20th 
20thstage. Embryo survival after the stage also decreased with embryo 
development from 69.9 ± 3.1 % at 25th to 60.1 ± 3.1% at the 36th . When fresh 
sperm was used the decline of embryo survival with development was more 
pronounced compared with those embryos derived from cryopreserved sperm. 
Two hypotheses have been proposed for explanation of discovered effect. 
Although, the results provide evidence that the cryopreservation of sperm 
decreases the survival of embryos, the mechanism of these events is still not clear. 
The inhibition of the DNA repair system pathway that is activated by 
cryodamages can be offered as one of the solutions for understanding the possible 
mechanisms of cryodamage. The use of caffeine in the present study did not 
explain the mechanism but did gave results that might be potentially useful in 
aquaculture and cryobanking program as a tool to improve technique and rescue 
the survival rate of embryos derived from cryopreserved sperm. Caffeine is 
widely used as an inhibitor of the repair system in many studies, but because of 
it's possible interaction in several metabolic objective of elucidating the 
mechanism of genetic cryodamage was not fully achieved. That's why another 
inhibitor with a more selective type of interaction is used in the next study. 
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7.2.3 Genetic instability induced by cryopreservation ofloach (Misgurnus fossilis) 
spermatozoa is enhanced by application of the DNA repair inhibitor (3­
Arninobenzamide) to the embryos 
The aim of this study was to gain a better understanding of the mechanism of 
cryodamage in spermatozoa with the help of further modulation of intracellular 
processes. 3-aminobenzamide (3-AB), a very selective inhibitor of PARP, was 
chosen to explore the mechanisms of cryodamage. It was considered that 
cryopreservation might cause strand breaks in sperm DNA, and if true it should 
activate a repair enzyme such as poly ADP-ribose polymerase (PARP). The 
inhibitor of PARP in such circumstances might enhance any negative effect. The 
results of the experiments supported the initial assumption. Sperm 
cryopreservation significantly decreased embryo survival (53.6±2.79% compared 
to 76.97±2.79% of control; p< 0.01). The addition of 3-Aminobenzamide to the 
medium with embryos derived from cryopreserved sperm further decreased 
embryo survival from 53.6±2.79% to 46.1±2.79% (p<0.01) whereas there was no 
adverse effect of 3-AB exposed embryos derived from fresh sperm (76.97±2.79% 
of control compared to 74.76±2.79% of control + 3-AB). The effect of 3­
Aminobenzamide provides indirect evidence that cryopreservation might induce 
instability in sperm DNA, connected with single strand breaks, and that such 
damage can be repaired by the oocyte repair system after fertilisation. Another 
unexpected observation has been made in relation to the formation of double axis 
of embryos. One female produced a low incidence of two-headed embryos when 
her oocytes were fertilised with fresh sperm 0.8±O.9%. When cryopreserved 
sperm was used for fertilisation of eggs from this female, followed by exposure of 
embryos to 3-AB, the quantity of two-headed embryos increased significantly 
(2.4±O.5%). It is generally believed that formation of two head embryos has 
strictly maternal origin, these results demonstrated that there must be some other 
mechanisms, paternally derived, that can affect the formation of a second axis in 
the embryo. 
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The study described in chapter 5 demonstrated that cryopreservation of sperm 
affects the future development of the embryos. The presence of the negative effect 
of 3-AB as an inhibitor of P ARP suggests that cryopreservation of sperm might 
induce genetic damages that can be ameliorated by the DNA repair system of the 
egg. The present observations suggest that there are some changes III 
cryopreserved spenn that might affect the initiation of the process of 
development. In the case of malfunction from the maternal side the process of 
freeze-thawing can be negatively enhancive. The fonnation of double-headed 
embryos that is generally thought to be a maternal dependent process, however, it 
can be seen that some paternal factors appear to be involved in the mesoderm 
differentiation. 
The next study was carried out using the direct analysis of the DNA following 
cryopreservation and exposure ofcells to the different cryoprotectants. 
7.2.4 Effect of cryopreservation on mitochondrial DNA ofzebrafish (Dania rerio) 
blastomere cells 
This study reported for the first time that cryopreservation affects mtDNA 
structure. It has been shown that cryopreservation can result in an increased level 
of point mutations in the mtDNA. Cryopreservation significantly increased the 
frequency of mutation from 0.24±O.23% in control to O.78±0.24%. Whereas 2 M 
Me2S0 treatment did not bring a significant increase in frequency of mutations 
0.22±O.29%, Three different mtDNA loci were subjected to investigation, the 
effect of location on the mutation frequency was checked and the results showed 
that the level of mutation frequencies was similar for all three loci. It was 
established that some of mutations were missense (6579 A~G or 6582 T ~C). 
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-More investigations are needed to determine whether optimisation of 
cryopreservation is effective in reducing the adverse effect; whether such 
mutations interfere with the overall functioning of cells and have any 
consequences for the future and whether similar changes occur in the nuclear 
DNA. Meanwhile it is important to be cautious in making judgements of the 
safety of cryopreservation techniques in reproduction biology in the light of these 
results. 
7.3 Conclusions 
There are seven key areas where considerable knowledge has been obtained as 
for: (1) effect of sperm equilibration in cryoprotectants on embryo survival; (2) 
effect of sperm cryopreservation on embryo survival; (3) effect of individual 
female on the development of embryos derived from cryopreserved or 
cryoprotectant treated sperm; (4) effect of sperm cryopreservation on the survival 
of embryos at different stages; (5) modulation of the effect of sperm 
cryopreservation: a) decrease of the survival of embryos derived from 
cryopreserved sperm and equilibrated in the DNA repair (3-AB inhibiting) and b) 
rescuing effect of caffeine on the survival of embryos derived from cryopreserved 
sperm; (6) evidence for a possible paternal contribution into the embryo 
patterning; (7) effect of cryopreservation of blastomeres on the frequency of the 
point mutation in mtDNA. 
7.3.1. Effect of sperm equilibration in cryoprotectants on embryo survival 
It has not been studied before whether cryoprotectant equilibration of sperm 
would effect the further embryo development. In this present investigation, four 
widely used cryoprotectants were studied, and the effect of cryoprotectant 
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concentrations. It has been shown that exposure of loach sperm to cryoprotectant 
media might affect the further embryo development and can decrease the survival 
of embryos not only because of osmotic and toxic effects that have been known 
before, but also due to some other effects that more likely are connected with the 
disturbance of the genetic structures of spennatozoa. The most detrimental effect 
was obtained with glycerol in this study followed by dimethyl sulfoxide, whereas 
methanol and ethylene glycol were found to have much less negative effects. 
7.3.2 Effect of sperm cryopreservation on embryo survival 
The effect of sperm cryopreservation on the survival of embryos has been studied, 
and a significant decrease of the survival observed. This fact appears to be 
connected with the genetic failure. In a previous study where embryo survival was 
assessed after sperm cryopreservation of trout (Labbe et ai., 2001) no significant 
decrease of the survival was established. This can be explained by the fact that no 
re-normalisation of data was performed at that study. The survival of embryos 
was counted in relation to the initial quantity of eggs, but even though the 
egg:spermatozoa ratio was taken in consideration, the estimated parameter was a 
mixture of survival of embryos as well as fertilisation rate. In the present work 
the re-normalisation of data was carried out. And the assessment of the embryo 
survival was divided into 2 main periods before and after 20th stage. The decrease 
of survival after the 20th stage was considered as an evidence for the presence of 
genetic failure in the embryos. These results have been repeated many times in 
different experiments. The intensity of the decrease in survival of embryos 
derived from treated sperm is different for different experiments and can be 
explained by individual variety of reproductive cells between females as well as 
males. 
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7.3.3 Effect of individual females on the development of embryos derived from 
cryopreserved or cryoprotectant treated sperm 
The influence of the female in the present system is very interesting because 
studied experimental conditions were not applied to the female reproductive cells 
directly. Though all treatments were directed on spermatozoa, the final result was 
strongly dependent on the female factor. This is the first time that the female 
factor has been taken in consideration when studying the consequences of sperm 
cryopreservation. It has been shown that the survival of embryos is strongly 
dependent on the individual female. The individual's genetic constitution is most 
likely explanation for this variety in the survival of embryos after the 20th stage. 
The involvement of the oocyte repair system can not be excluded; leaving the 
possibility that choice of the "right" female for fertilisation might significantly 
improve the outcome of the survival of embryos derived from cryopreserved 
sperm. 
7.3.4 Effect of sperm cryopreservation on the survival of embryos at different 
stages 
Embryogenesis is uneven process of different events. Seven broad periods of 
embryogenesis are defined usually - the zygote, cleavage, blastula, gastrula, 
segmentation, pharyngula, and hatching periods. These divisions highlight the 
changing spectrum of major developmental processes that occur during 
embryogenesis. Stages subdivide the periods. A staging series is a tool that 
provides accuracy in developmental studies. The survival of embryos at different 
stages is different in normal embryogenesis and presents a biological tool of 
selection. Some stages are known to be more crucial than others in relation to the 
events that occur at that time and the survival of embryos can fall at these points. 
An interesting observation has been made in the present study. It was found that 
the natural distribution of embryo survival at different stages was changed by 
cryopreservation of sperm. This new pattern of embryo survival can be explained 
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in at least two ways. Firstly cryopreservation of sperm affects some elements of 
spenn genome, that consequently cause the change of genome expression during 
embryogenesis. This event may give a shift in timing or distribution of crucial 
events during embryogenesis that would result in a change ofthe survival pattern. 
The second explanation might be related to a selective pressure of 
cryopreservation. It is possible that spenn cryopreservation does not cause direct 
changes in the genetic structure, rather it causes changes in the genetic diversity in 
the sperm popUlation of the cryopreserved ejaCUlate. The selective pressure of 
cryopreservation may well result in a more unifonn sperm population, which in 
turn would bring a degree of homogeneity to the embryo popUlation with respect 
to their sensitivity to stress at different stages of development. 
7.3.5 Modulation of the effect of sperm cryopreservation: a) the decrease of the 
survival of embryos derived from cryopreserved sperm and equilibrated in the 
DNA repair (3-AB inhibiting) and b) the rescuing effect of caffeine on the 
survival of embryos derived from cryopreserved sperm 
Using inhibitors of some pathways is a very popular approach in biology that 
helps to understand more details about intracellular metabolism. Two different 
chemicals were used here to elucidate more details about possible processes that 
take place in the spermatozoa after cryopreservation 
Application of 3-AB provided evidence that cryopreservation of sperm might 
disturb their genetic integrity, but also gave some insights on the possible 
mechanisms of these changes. The effect from using 3-AB proved the 
involvement of P ARP enzyme in the repair process in early development of 
embryos derived from cryopreserved sperm. P ARP is more likely to be involved 
in processes connected with the repair of single strand breaks of DNA. Using the 
comet assay method and measurement of physical characteristic of DNA in 
solution there is already some evidence in the literature that single strand breaks 
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can occur in sperm DNA after cryopreservation (Labbe t I 2001' K ' 
e a" ,onlliova et 
aI, 1997), But these studies were applied to sperm dl'rectl d 't y an 1 \vas not clear 
whether these single strand breaks have been registered in live or dead 
spermatozoa, The present study used a new approach, And it was shO\vn that 
cryopreservation of sperm can cause an activation of DNA repair system in 
oocytes after fertilisation, and this has never been shown before. Data from 
present study also suggests that some spermatozoa do contribute ssbDNA into 
embryos. How sufficient the repair of these lesions still needs to be studied. 
Using the approach of inhibiting the oocyte repair system not only demonstrated 
that genetic integrity of sperm is affected by cryopreservation but also that there 
was a way of rescuing this effect. Addition of caffeine to the embryos derived 
from cryopreserved sperm brought to a significant increase in the survival of 
embryos. This effect is reported for the first time. Some possible explanations are 
proposed. It has been suggested that the rescuing effect of caffeine could be 
connected with its capability to block one pathway of the repair system and as a 
result stimulate a compensatory reaction of another pathway of the repair system. 
This compensatory activity could rescue embryo survival. Because caffeine is 
known not only as an inhibitor of repair system but also to have effect on cellular 
metabolism, it was proposed that effect of increased survival of embryos might be 
connected to the possible interaction of caffeine with intracellular messengers 
such as Ca2+ or some others. 
7.3.6 Evidence for a possible paternal contribution into the embryo patterning 
Another interesting observation was made during present study is more related to 
developmental biology. The mechanisms of embryo patterning have been 
, A,· d 't ' pted that formation of double-thoroughly studIed by many authors. ru1 1 IS acce . 
, 1 ., (Wolpert 2002). But theheaded embryo is connected mamly to materna ongm 
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observations in the present study provide contradictory evidence to this generally 
believed theory. It's been shown here that early stage patterning might be affected 
by the condition ofthe spermatozoa. In the case of malfunction from the maternal 
side, the process of freeze-thawing can be negatively enhancive. Another 
conclusion emerged from this observation is that the formation of double-headed 
embryos is not necessarily a strongly maternally dependent process. 
7.3.7 Effect of cryopreservation of blastomeres on the frequency of the point 
mutation in mtDNA 
Mitochondrial DNA III blastomeres of zebrafish were sequenced after 
cryopreservation and equilibration with different cryoprotectants and it was 
discovered that level of mitochondrial DNA instability increased significantly 
after these types of treatments. MtDNA has never been studied before after 
cryopreservation for any type of cells, and this data is reported here for the first 
time. The point mutations were analysed and it was shown that some of them 
could bring to the change of protein structure, but it is still unclear whether these 
changes would affect the function of the mitochondria. This data suggests a new 
area for investigation. 
7.4. Suggestions for the future work 
A broad spectrum of questions are raised by the present study, related both to 
problems of cryopreservation and general biology. 
The first and very important issue is that the genetic integrity might be affected by 
cryopreservation and cryoprotectants. Cryopreservation is a well-established 
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technique that is required in many areas of human activity. Therefore, it is 
important to know the consequences of the techniques used. To improve the value 
of such a technology it is important to have a full understanding of human impact. 
So the final aim of project like this must be to find a way to solve the existing 
problem and it is can be achieved only by full understanding of the events that 
take place in cells and tissues. There are still many gaps in our knowledge that 
need to be filled in. So the proposed area for further studies may be divided in hvo 
main areas: 1) studies related to the structural changes and 2) studies related to the 
functional changes. 
As for the first, the data presented here demonstrates the possibility of structural 
changes in mtDNA. Although it was said that mtDNA is more sensitive to the 
stress than nuclear DNA, the possibility of similar changes in nuclear DNA 
cannot be excluded and similar studies are necessary for nuclear DNA. Several 
main issues must be investigated relating to possible structural changes to the 
DNA: 
1) 	 The impact of different regimes of freezing and thawing 
2) 	 The influence of different cryoprotectants in a range of concentrations 
3) 	 The effect of different species and cell types (cryoresistance is generally 
known to vary considerably between the species. For example when the 
survival of spenn for some mammals can be as high as 80-95%, the 
success of cryopreservation of fresh water fish sperm is much less 
impressive and the highest rate could hardly reach 50-60 %). The factor of 
different individuals and different species must be studied more precisely 
in regards to DNA sensitivity. 
t· n the genome must not be fThe final conclusion on the effect 0 cryopreserva Ion 0 
drawn purely from the results obtained for DNA alone but from all elements that 
and functional integrity of the genome: DNA,structural 
are 	 responsible for 
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protamines and histones, non-protamine proteins cent h 1 
, rosome, met y groups and 
DNA repair system. 
The second area of investigation must be focused on functional studies. Biological 
systems have a very high level of reliability. It means that some disturbances of 
one or two elements in the system can be compensated so perfectly that no 
changes to the whole system can be seen. Therefore the presence of the minor 
structural changes to the elements of the genome do not ultimately have to affect 
the functional status. To be able to answer if minor changes caused, for example 
by cryopreservation, would have an impact on the functioning of whole system, 
long term studies are needed. These studies should not only cover the period of 
embryogenesis for the offspring derived from cryopreserved reproductive cells 
but also the later period of life. The longer developmental period studied the more 
valuable the results will be. The study of the offspring is needed not only to be 
able to understand whether low-temperature techniques cause some disruptions, 
but also to investigate whether extreme factors of cryopreservation cause a 
selective effect. If sperm is considered as an object of treatment it is necessary to 
know whether freezing might be responsible for the changes of the genetic 
information in the population of cells. 
Studies on caffeine in this project gave interesting results that should be 
investigated further. It would be interesting to see further studies on the effect of 
caffeine concentrations and duration of exposure on the same model as vrell as on 
the other species. The details of the mechanism of the discovered effect should be 
determined. This kind of study might produce more information about the 
fundamental events that happen during fertilisation. New opportunities to improve 
.. The result could be potentially
cryopreservatlOn techmques seem to appear. 
. f t· al methods of optimisation of 
improved not only WIth the help 0 conven IOn 
. . f t ctant media but with the help of 
freezing protocols and mgredients 0 cryopro e 
. F I choosing female donors that 
biological potential of the objects. or examp e, 
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would coupe "better" with the consequences of sperm cryopreservation. As it has 
been shown in this study, the influence of the female can be crucial for the 
survival of embryos derived from cryopreserved sperm. More studies are 
necessary on the female potential to repair the damage in sperm caused by 
cryopreservation or compensate by its constitution. These kind of studies might 
one day allow us to choose "better" females for the artificial fertilisation using 
cryopreserved material. 
The study on two-headed embryos represents another interesting observation, 
unfortunately it is difficult to plan more experiments like this because up to date 
no tools are known to predict the presence of double axis embryos from some 
females. But it would be interesting to establish what exact paternal factors are 
responsible for the changes of the intensity of characteristics that are believed to 
have strictly maternal origins. 
Good quality reproductive cell DNA is of paramount importance for the correct 
conveyance of genetic material from one generation to the next, the additional 
damage caused by freezing and thawing may have detrimental consequences. 
That's why it is extremely important to find out what exactly happens to 
reproductive cells during cryopreservation to be able to find the ways of 
overcoming the problem. 
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Appendix A: More detail on biology and embryology of weather loach 
Weather loach (Misgurnus fossilis) is classified as cellular organisms; 
Eukaryota; Fungi/Metazoa group; Metazoa; Eumetazoa; Bilateria; Coelomata; 
Deuterostomia; Chordata; Craniata; Vertebrata; Gnathostomata; Teleostomi; 
Euteleostomi; Actinopterygii ; Actinopteri; Neopterygii ; Teleostei; Elopocephala; 
Clupeocephala; Otocephala; Ostariophysi ; Otophysi; Cypriniphysi ; Cypriniformes; 
Cobitoidea; Cobitidae; Misgurnus 
http: //www.ncbi.nlm.nih.gov/Taxonomy/ 
The natural habitats of this fish is in Central and eastern Europe: France to Russia. 
Found in lower reaches of slow-flowing rivers, but can also be found in still pools. 
Occurs on sandy bottoms of ponds, pools and ditches. During the day, it stays 
buried in the sand. Feeds on insect larvae and small molluscs. In rivers of Ukraine 
the spawning period starts in the beginning of May, when water temperature 
becomes above 13-14 C. The collecting of fish for laboratory maintenance 0 
becomes possible starting in November when rivers are covered with ice. 
Plate A. I. Mature weather loach (Misgurnus fossilis) Picture is kindly permitted 
by Zienert, Steffen from http://www.fishbase .orglPhotos/ 
Plate A.2 Nonnal developmental stages of weather loach (Misgurnus fassilis) at 
21 °C. Detailed explanation of the plates is given in the Table A. I. 
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Table A. I. Stages of development of weather loach (Misgurnus fassilis) at 21°C. 
Adopted from Neifakh A.A. (1975). 
Number of Time, 
stage hours 
o 
3/4 45 min 
1 1 
2 2 
3 3 
4 4 
5 5 
Blastula period 
6 6 
Description 
Mature egg during fertilisation 
Fertilised egg. The chorion swells and lifts away from 
the newly fertilized egg. Nonyolky cytoplasm begins to 
stream toward the animal pole, segregating the 
blastodisc from the clearer yolk granule-rich vegetal 
cytoplasm. 
2 blastomeres. The cytoplasmic divisions are 
meroblastic. 
4 blastomeres 
8 blastomeres 
16 blastomeres 
32 blastomeres 
64 blastomeres. For the first time blastomeres produce 
2-3 layers of cells 
128 blastomeres 
Morula. Several layers are produced. Asynchronous 
division ofnucleus starts 
Early blastula. The beginning of intensive synthesis of 
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RNA. 
7 7 Midblastula. Blastomeres are smaller than on 6th stage. 
The surface is even. 
8 8 Late blastula. This stage marks the end ofperiod during 
which the blastodisc perches "high" upon the yolk cells. 
9 9 Late epithelial blastula. Blastodisc is flat. 
Gastrula period 
10 10 The begilming of gastrulation. The margin of blastodisc 
is well distinguished. 
11 11 The marginal part of blastodisc is getting thicker. Germ 
ring appears. 
12 12 Embryonic shield stage 
13 13 Blastoderm covers Ih ofyolk. 
14 14 Blastoderm covers 1/2 of yolk. Chordal plate is formed. 
15 15 Blastodem1 covers 2/3 of yolk. Neural plate is formed. 
16 16 3/4 of yolk surface is covered. 
17 17 %of yolk surface is covered. 
18 18 7/8 of yolk surface is covered. 
.­
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19 19 
20 20 
Segmentation 
period 
21 21 
22 22 
23 23 
24 24 
25 25 
26 26 
27 27 
28 28 
29 29 
The bit of uncovered yolk cell protrudes. The yolk plug 
is very small. 
Blastoderm covers the yolk plug completely. The 
caudal end of embryonic axis develops a distinct 
swelling, the tail bud. 
The first somatic furrow forms. 
3-somite stage 
5-6-somite stage. 
primordium 
7-somite stage. 
9-somite stage 
One can first distinguish optic 
IO-somite stage. Otic vesicles are formed. The cranial 
part is bigger and more prominent above the yolk 
11, 12-somite stage The cavity is formed in the optic 
primordium. 
13-somite stage 
15-somite stage. The speed of somite formation IS 
decreased afterwards. 
30 30 17-somite stage 
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31 31 19, 20-somite stage. Embryo is very prominent above 
the yolk. Cranial part is increased. Kupffer's vesicle is 
well distinguished. Somitees are differentiated into 
myotome, sclerotome and dermatome. 
32 
Pharyngula 
period 
32 24-somites stage 
33 33 25, 26-somite stage. Embryo starts mOVIng. Embryo 
continues the rapid lengthening. Lens placode appears. 
34 37 32-somite stage. Tail is independent from the yolk. The 
tail mesoderm is not segmented. Kupffer's vesicle is 
located near 32nd somite. 
35 
36 
37 
40 
46 
50-52 
34-somite stage. There 4-5 somites in tail mesoderm. 
The heart begins to beat. Blood does not have any 
colour. 
Prehatching stage. The tail mesoderm has more than 10 
somites. The embryo moves intensively within chorion 
suck. The pigmentation of eyes start. 
Body does not have pigmentation yet. 
Hatching. 
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STUDIES ON THE GENOTOXICITY OF DIMETHYL SULFOXIDE, 
ETHYLENE GLYCOL, METHANOL AND GLYCEROL TO LOACH 
(MISGURNUS FOSSILIS) SPERM AND THE EFFECT ON SUBSEQUENT 
EMBRYO DEVELOPMENT 
ILuton Institute of Research in the Applied Natural Sciences, University of Luton, The Spires, 2 
Adelaide Street, Luton, LUI 5DU, UK 
2Institute for Problems of Cryobiology and Cryomedicine, National Academy of Science of 
Ukraine, 23 Pereyaslovskaya Str, Kharkov 610 15, Ukraine 
Abstract 
The process of sperm cryopreservation consists of several steps: equilibration of sperm in 
cryoprotectant medium, freezing of sperm to subzero temperatures, low temperature storage and 
thawing of the sperm suspension. It has been shown that cryopreservation can cause some 
damage to the genetic material of cells although the mechanism and significance of these changes 
are still unknown. The aim of this work was to study the effect of cryoprotectant equilibration 
process on genetic damage of Loach (Misgurnus jossilis) sperm, using embryo survival as an 
indicator. Decrease in embryo survival after the 20th stage is generally believed to result from the 
failure in the genome function of embryos. In the first set of the experiments, Loach sperm were 
equilibrated in cryoprotectants Me2S0, ethylene glycol, methanol and glycerol (0.6, 1.2, 2.5 M) 
for 60 min at 10cC. The effect of cryoprotectant equilibration on sperm was evaluated based on 
the survival of embryos derived from cryoprotectant treated sperm. Embryo survival was 
evaluated at the following stages: 7th, 14th, 17th, 20th, 23rd, 26th, 31 S\ 34th, 35th, 36th and 37th. 
Cryoprotectants at concentrations greater than 1.2 M had significant effect on the survival of the 
embryos after the 20th stage. The effect of glycerol was the most significant with 64.8±2.4% of 
embryos survival compared to 77±2.4% for control. Me2S0 treatment also effects embryo 
survival significantly. Possible mechanisms of the genetic instability of cryoprotectants are 
discussed. 
Keywords: Loach (Misgurnus jossilis), sperm, embryo survival, cryoprotectant, genotoxicity. 
INTRODUCTION 
The process of sperm cryopreservation consists of several steps: the addition of 
cryoprotectant medium to sperm, equilibration in cryoprotectant medium, controlled freezing, 
low temperature storage and thawing. Each step induces different physical and biological changes 
to the cells. A good understanding of the effect of each stage in the cryopreservation process is 
important in improving the quality of this technique. 
Cryoprotectant agents are able to protect cells from massive distortions of cellular and 
environmental geometry that accompany freezing and th'awing. The protective effects of 
cryoprotective agents are so effective that comparatively little attention has been paid to the 
negative effects of these chemicals. Although several studies have suggested that a variety of 
cryoprotectants can induce injury during cryopreservation (3,6), little work has been done to 
study the genotoxicity of cryoprotectants. The observed effects in the literature are summarised in 
the review of Fahy et al. (7) including over-stabilisation of microtubules by cryoprotectants (10, 
25) that interferes with normal cell division (8, 10) and effective alteration of the configuration of 
proteins by Me2S0 (23). Exposure of oocytes to Me2S0 causes immediate appearance of 
multiple, cold-resistant microtubular aster associated with the foci of pericentriolar material 
normally present in the oocyte. Prolonged exposure to Me2S0 leads to progressive disassembly 
ofthe spindle. The effect ofMe2S0 does not appear to be fully reversible for most of the oocytes 
(l0). However, there has been no reported study on the effect of Me2S0 on the centrosome 
system of spermatozoa, although it has been demonstrated that spermatozoa contribute the 
centrosome system into the embryos with an exception for rodents (27). Microtubule and 
microtubule-associated proteins are essential for maintenance of cell structure and function. 
Detailed in vitro studies established that the rates oftubulin polymerisation and depolymerization 
are unequally altered by glycerol, leading to a change in the degree of polymerisation or the 
tubulin popUlation; and association of microtubules and their microtubule-associated proteins are 
altered by glycerol (9). 
There are other genome related observations made about cryoprotectants but most of them 
are indirect. Me2S0 is reported to induce cystein-cysteine cross linking under near normal 
biologically relevant conditions, and the effect is time and temperature dependent (7). Glycols 
have been shown to cause structural abnormality in chromosomes after intra-abdominal injection 
to mice. Ethylene glycol has been shown to have the strongest negative effect of all studied 
glycols. Glycols have caused dominant lethal mutations in late stage spermatids (4). 
Some genome related effects have been reported for both low and high molecular weight 
cryoprotectans. Sufficient polyethylene glycol (PEG) has also been shown to significantly 
stimulate the activity of certain ligases and topoisomerases that act upon high molecular weight 
DNAs, However, the mechanism by which PEG exerts its effects has not been conclusively 
traced to hard-core osmotic exclusion forces. The addition of sufficient PEG to the solution of the 
DNA also causes both a decrease in water activity and a decrease in medium dielectric constant, 
either of which could potentially alter certain equilibria in which DNA participates (19). 
The limited data obtained on fish sperm indicate that even low concentrations of Me2S0, 
ethylene glycol and 1,2-propanediol markedly decrease the intrinsic viscosity of DNA 
macromolecules. The action of Me2S0 on intrinsic viscosity is reversible. For ethylene glycol, 
such changes are observed only at high concentrations. The effect of 1,2-propanediol is 
characterised by a marked but weak irreversibility, The DNA intrinsic viscosity is known to 
represent the dimensions of macromolecules in solution, and a decrease in intrinsic viscosity 
indicates the compaction of DNA. In a general case, the change in intrinsic viscosity is 
determined by a change in long-distance action in the biopolymer, described by the parameter of 
excluded volume, as well as in short-distance action that is responsible for the value of persistent 
length (17). Experiments of Komilova et ai., (17) suggest that the decrease in dimensions of 
DNA macromolecular coil observed on the addition of cryoprotectants is a result of diminishing 
the parameter of DNA excluded volume. The effect may be due to both binding of 
cryoprotectants and DNA, probably through water molecules, and changes in solvent properties 
on the addition of cryoprotectants. It has been found that cryoprotectants amplify the effect of 
Na+ ions on the DNA molecular parameters (17). For reproductive cell, it is important not only to 
discover the mechanism of genotoxicity but also to understand whether these changes have any 
consequence for the offspring. 
The present work explains whether equilibration of sperm in dimethyl sulfoxide (Me2S0), 
methanol (Me), ethylene glycol (EG) or glycerol (GI), the commonly used cryoprotectants would 
bring to the changes in the survival of embryos derived from cryoprotectant treated sperm. The 
decrease in embryo survival was considered as an indirect evidence for the genetic failure caused 
by experimental treatments of sperm. 
MATERIALS AND METHODS 
Weather loach (Misgurnus fossilis) were collected from the natural habitat of the river 
Sevemiy Donez in the Ukraine. Loach were maintained in indoor facilities according to 
procedures described by Neifakh (20). Males and females were kept separately in hibernated 
conditions (at 4 °C in the dark). Males are easily recognised with the presence of skin elevation at 
the back of the body closer to caudal fin, having a more intensive brown or red pigmentation. Tap 
water aged for 3 days was used as tank water and the tank water was changed daily. 
Three days before an experiment, males and females were moved to separate fish tanks at 18 
DC under natural light conditions. No food was provided during this period. Seven females and 
ten males were then injected with chorionic gonadotropin (Profasi) (300 U per female and 100 U 
per male) (20). The amount of 1500 U of dry powder of hormone was dissolved in 200).11 o'f 
deionised water. Female fish were taken from the water and dried with tissue paper. The injection 
was made in the cranial part of the body. The injecting was performed slowly and not intensive 
rubbing was made afterwards to avoid injected hormone to be leaked out because of muscle 
contraction. After injection the fish was placed back to the tank water. Ovulation normally occurs 
38-43 h after injection. When female were ready for spawning, ten males were decapitated and 
testes were extracted. Milts were mixed and homogenised avoiding contamination with urine, 
feces and blood. Homogenised milts were divided into 16 equal samples. 4 samples were used as 
controls and equilibrated in iso-osmotic extender (39 mM tris-base, 29 mM NaCI, 11 mM CaCh, 
2 mM NaHC03, 2 mM KCI, 139 mM mannitol, 24 mM sucrose, pH 8.1) for 1 hour at 10 0 C. For 
cryoprotectant treatment, 12 other samples of sperm were equilibrated in one of the following 
solutions: 0,6M, 1.2M, or 2.5M Me2S0, ethylene glycol, methanol or glycerol for 1 hour at 10°C 
(Table 1). The osmolarity of all solutions were measured using an osmometer (OMKA 1 Z-O 1 
Medlabortechnika Odessa, Ukraine). 
Four females were used for the experiments. Eggs from each female were divided into 4 
equal portions. Eggs were fertilised by mixing 300mg of egg + 0.6ml of sperm suspension + 
2.4ml of activating medium (0.35% NaHC03) in Petri dishes. Both control and cryoprotectant 
treated sperm were used in these experiments. 1 hour after fertilisation, eggs were placed into 
aquarium water. Each sample was then divided into 4 equal parts. Embryo viability was assessed 
at 7th, 14th, 17th, 20th, 23 rd, 26th, 31 51, 34th, 35th, 36th and 3ih stages by visual inspection. 
Multi factor ANOV A test was used to examine the differences between the mean values of 
embryo survival following different treatments orland between different individuals (p<O.OI). If 
significant differences were shown, Duncan's multiple range test was used post hoc to determine 
pairwise differences between treatments orland individuals (p<0.05). The fit of the model with 
the data was checked with a normality test. Homogenity of variance was confirmed to determine 
if the ANOYA assumptions were valid. All statistical analyses were carried out using Statgraf 
(Statistical Graphics System Version 2.1, Statistical Graphics Corporation). 
Table 1 Scheme of experiment on weather loach (Misgurnus jossilis) treated with cryoprotectants 
Number of Petri dish Contents of Petri dish for each treatment 

1 Fsa+ female 1 

2 Fs+ female 2 

3 Fs+ female 3 

4 Fs+ female 4 

5 SCMe2S0d 0.6M + female 4 

6 S EOe 0.6M+ female 1 

7 S Olf 0.6M+ female 2 

8 S Meg 0.6M+ female 3 

9 S Me2S0 I.2M+ female 3 

10 S EG I.2M + female 4 

11 S 01 1.2M+ female 1 

12 S Me l.2M+ female 2 

13 S Me2S0 2.5M+ female 2 

14 S EO 2.5M + female 3 

15 S Gl 2.5M+ female 4 

16 S Me 2.5M+ female 1 

4 replicates were used for each treatment. 
a Fs fresh sperm suspension 
b Female 1,2,3 or 4 - eggs from individual female 
c S - sperm equilibrated with one of the following solutions: 0.6, 1.2 or 2.5 MOl, EG, Me2S0 or 
Me 
d Me2S0 - dimethyl sulfoxide 
e EG - ethylene glycol 
fGl- glycerol 
g Me - methanol 
RESULTS 
Effect of cryoprotectants 
The effects of cryoprotectants on embryo survival are given in Fig la & 1 b. ANOY A test 
showed the significant effect of combined cryoprotectant before (F(3, 152)=7.954) and after (F 
(3, 346)=20.44) the 20th stage. Pairwaise differences are indicated in figures with different letters 
(Duncan test, p<0.05). Post hoc test showed that glycerol had the strongest negative effect on 
embryo survival before and after the 20th stage. Embryo survival decreased from 70.0±2% in 
control to 63.0±2% for embryos derived from sperm subjected to glycerol treatment before the 
20th stage (Fig. la). Embryo survivals after the 20th stage also decreased from 77±2.4% in control 
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to 64.8±2.4% for glycerol treated experimental group (Fig.l b). Whereas Me2S0 did not cause 

significant decrease in embryo survival before the 20th stage in comparison with the control, it did 

decrease the survival of embryos after the 20th stage to 69.2±2.4% compared to 77±2.4% in 

. control (P<O.05). Neither ethylene gl6'col nor methanol effects the survival of embryos 

significantly either before or after the 20t stage. 
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Figure 1a&b. Survival of embryos before (1a) and after (1b) the 20th 
stage. Control - embryos derived from fresh sperm; Me2S0 - embryos 
derived from sperm equilibrated in dimethyl sulfoxide; EG - embryos 
derived from sperm equilibrated in ethylene glycol; GI - embryos derived 
from sperm equilibrated in glycerol; Me - embryos derived from sperm 
equilibrated in methanol. Before the 20th stage, the initial quantity of egg 
is considered as 100%. After the 20th stage, the quantity of viable 
embryos at the 20th stage is considered as 100%. Each bar represents 
an average value of embryo survival at all stages before or after the 20th 
stage Significant pairwaise defferences are indicated by different letters 
(Duncan test p<0.05). 
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Effect of different concentrations of cryoprotectant 
The effects of cryoprotectant concentrations are given in Fig. 2a & b. Two out of three studied 
concentrations (1.2 and 2.5 M) caused significant decrease of the embryo survival in comparison 
with those in control before the 20th stage, although no significant differences were found 
20thbetween the two concentrations. After the stage, the survival of embryos dropped 
significantly at concentration of 1.2 M to 70.1 ±2.4% in comparison with control of 77±2.4%. 
Concentration of 2.5M resulted in greater decrease in the survival of embryos after the 20th stage 
(63.8±2.4%) when compared with the survival in control (77±2.4%). Effect of individual female 
was also significant before and after the 20th stage in this study (results are not presented). 
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Figure 2a&b. Survival of embryos before (2a) and after (2b) the 20th 
stage. Control - embryos derived from fresh sperm; O.6M - embryos 
derived from sperm equilibrated in O.6M cryoprotectant; 1.2M - embryos 
derived from the sperm equilibrated in 1.2M cryoprotectant; 2.5M ­
embryos derived from sperm equilibrated in 2.5M cryoprotectant. Each 
bar represents an average value of embryos survival for all 
cryoprotectants at all stages before or after the 20th stage Significant 
pairwaise defferences are indicated by different letters (Duncan test 
p<O.05). 
DISCUSSION 
Since the discovery of the cryoprotective properties of glycerol by PaIge et al. (22) in 
1949, cryoprotective agents have been used to secure the survival of innumerable living systems 
after storage at low, stabilising temperatures. But despite this impressive degree of success, few 
cryopreservation techniques developed to date permit 100% survival after freezing and thawing, 
and the preservation of many important systems has proven unsatisfactory or unsuccessful. The 
basis for any detrimental effects of cryoprotectants may not simply be osmotic, but could also be 
due to direct biochemical injury. Biochemical toxicity could result directly from the interaction 
between cryoprotectant and cell enzymes or indirectly by altering the environment of the cellular 
biomolecules, which in turn may result in changes in the dielectric constant, redox potential, ionic 
strength, pH, and surface tension (1,2,6). The present study attempted to elucidate the question of 
possible genotoxicity of cryoprotectants. It was necessary to re-normalise the data on embryo 
survival and to allow the separation of metabolical toxic effect from genetic toxic effect. This 
was achieved by the division of results into two development periods before and after the 20th 
stage. The survival of embryos after the 20th stage of development is regarded as a failure of 
development rather than fertilisation, because prior to this point all unfertilized eggs had been 
removed. Parthenogenetic eggs that are capable of mimicking the normal embryos usually die in 
a first few hours and with a very rare exception some of them can survive until the 19th stage 
(21). Since experimental conditions for all embryos remained consistent throughout the 
experiment, we presume that increase of embryo lethality in experimental groups compared to the 
controls after the 20th stage can only result from the experimental treatment of the sperm most 
likely through the genome damage. The study ofthe survival of androgenetic haploid embryos of 
carp (Cuprinus carpio) obtained after inseminating eggs (carrying X ray inactivated genome) 
with cryopreserved sperm demonstrated that the decrease of embryo survival at the end of 
gastrulation stage was caused by genetic failure of the cryopreserved sperm (15). For loach the 
end of gastrulation is the 20th stage. 
The decrease of survival before the 20th stage in the present study is most likely due to the 
fertilisation failure and partenogenetic activation, both can be caused by cryoprotectants. The 
detailed analysis of the possible mechanisms of cryoprotectant toxicity can be found elsewhere 
(1,2, 6). The main focus of this study is concentrated on the decrease of the embryo survival after 
the 20th stage, which is believed to relate to genetic failure. Therefore, most of the discussions 
below will focus on the possibility of the effect of cryoprotectants on genetic integrity. 
Based on physical and chemical characteristics of the cryoprotectants and the data 
obtained with other cells, the effect of cryoprotectants might be connected with one of the 
following. 
Intercalation in protein-DNA interaction. Cryoprotectants might intercalate in protamine­
DNA interaction (26) that will consequently lead to a disturbance of the process of DNA 
decondensation after fertilisation. It is possible that subtle effects on protamine-DNA interactions 
occurred that prevented proper DNA decondensation after sperm injection into oocytes. It has 
been shown that alcohols (ethanol and propanol) denaturate proteins to a great extent and it 
happens more quickly at higher temperatures (31). Me2S0 and ethylene glycol are known to 
destabilize proteins in unfrozen solution and induce protein denaturation at room temperature (2). 
In addition to protamines, sperm nuclei contain several much larger proteins that are even more 
likely to be denaturated by alcohol. The telomere binding proteins that stabilise DNA molecules 
(32) may also be sensitive to alcohols. Their denaturation by alcohol may distort DNA molecules 
so that DNA single and double strand breaks occur prior to and/or during sperm chromatin 
decondensation within the oocyte, resulting in structural chromosome aberrations (29). 
Osmotic effects ofcryoprotectants. Osmotic effect of cryoprotectants can indirectly cause 
problems in genetic apparatus. Due to their osmotic action cryoprotectants change cytoplasm 
viscosity. The latter characteristic has been reported to affect diffusion and degree of 
polymerisation of intracellular polymers (9). For example it has been demonstrated that E.coli 
subjected to osmotic stress during the exponential phase produced altered randomly amplified 
polymorphyc DNA (RAPD) profiles when the DNA was extracted 1 h after the stress. When 
stationary-phase bacteria were stressed, the RAPD banding patterns of the resuscitated bacteria 
were restored to the prestress state. However when log-phase bacteria were stressed, the RAPD 
banding patterns of the resuscitated bacteria were altered (11). Comparisons were made on 
whether there was any correlation between embryo survival and the osmolarity of the 
cryoprotectant media. It's well known fact that fish sperm is especially sensitive to osmotic 
changes (14) and osmotic shock can effect fertilising ability of sperm (5). However, in the present 
study there was no correlation established between osmolarity of the solutions and survival of the 
embryos. There may be two possible explanations for this. The first is that osmolarity did not 
have any significant effect on the studied system although this is unlikely. The second is that the 
survival of embryos before the 20th stage reflects several different factors; their interactions might 
have masked the presence of osmolarity effect. 
Water substitution. The ability of the studied cryoprotectants to substitute itself for water 
molecules in the hydration sheath of proteins and nucleic acids (23) would be expected to alter 
their configuration. The principal chemical constituent of cell is water. The native form of 
biopolymers such as proteins, polysaccharides and nuclei acids are surrounded by ordered arrays 
of water molecules, the hydration sheath. Their native structure is dependent upon this bound 
water, in addition to hydrophobic interactions, hydrogen bonds, and other stabilizing forces. 
Substitution or removal of the hydration sheath, or caged water of these substances would be 
expected to alter their configuration (23). This type of alteration may be reversible, but how 
quickly this restoration can occur is not known. 
Centrosome related effect. It was demonstrated for mouse oocytes that equilibration in 
Me2S0 causes the disassembly effect of the spindle (10), however what happens to the 
centrosome in sperm after cryoprotectant equilibration or cryopreservation is not clear. The 
centrosome is contributed to the embryos by sperm for most species excluding rodent, further 
pronuclear development and cell cleavage will be strongly dependent on this organelle (33). 
Production of new substances. The presence of cryoprotectants in cell suspension may 
lead to the production of compounds that are known to be mutagenic. It has been shown that 
purity degree of dimethyl sulfoxide had significant effect on the survival of loach embryos 
derived from sperm equilibrated with this cryoprotectant (16). Formaldehyde production has been 
estimated in the solutions of Me2S0 and glycerol. It has been proposed that formaldehyde is 
formed in non-enzymatic reaction taking place in the solvent and the cryoprotection solution. It 
has been demonstrated that formaldehyde can form in Me2S0 via a hydroxil-mediated non­
enzymatic reaction creating methoxyl radical species that subsequently form formaldehyde. 
Glycerol can undergo oxidative cleavage to form fonnaldehyde and acetaldehyde and 
formaldehyde and formic acid respectively (12). There is evidence that formaldehyde is produced 
during the interaction of dimethyl sulfoxide with hydroxyl radicals. In view of the production of 
formaldehyde, dimethyl sulfoxide should not be considered to be an inert solvent in biological 
systems according to some researchers (12). Acetaldehyde and formaldehyde can actively inhibit 
the energy metabolism (30), cross-linking of proteins and nucleic acids (28) and inhibit cell 
division. Of all the common aldehydes, formaldehyde is the most reactive (12). Another 
compound, that is known to be produced secondarily from glycerol, is methylglyoxal (13, 24). 
Methylglyoxal is an endogenous mutagen and it is suggested that it may take part in causing G:C 
o C:G and G:C 0 T:A transversion in vivo in mammalian species (18). 
Selective pressure of extreme factors. The effect of selection on the stage of sperm 
equilibration might happen, which could also effect embryo survival. 
Further investigations are needed on elucidating the mechanism of negative effect of 
cryoprotectants on the reproductive cells. In conclusion, it was shown that equilibration of loach 
sperm with glycerol and dimethyl sulfoxide can bring to the decrease of the survival of embryos, 
derived from this sperm. The effect depends on the concentration of these cryoprotectants. It is 
considered as a genotoxic effect that can cause the genetic instability and subsequent increased 
lethality. 
REFERENCES 
1. 	 Adam MM, Rana KJ and McAndrew B1 (1995) Cryobiology 32, 92-104 
2. 	 Arakawa T, Carpenter JF, Kita YA and Crowe JH (1990) Cryobiology 27,401-415 
3. 	 Arnaud FG and Pegg DE (1988) Cryobiology 25,523-524 
4. 	 Barylyak JR, Byshovez TF, Denisenko 01, Saglo VI. and Tolstopyatov GV (1987) In 
Fisiol. Aktiv. Veshestv 19 (ed) Naukova dumka, Kiev: pp3-5 (in Russian) 
5. 	 Critser JK, Huse-Benda AR, Aaker DV, Arneson BW and Ball GD (1988) Fertility and 
Sterility 50(2),314-320 
6. 	 Fahy GM (1986) Cryobiology 23(1), 1-13 
7. 	 Fahy GM, Lilley TH, Linsdell H, Douglas M S J and Maryman HT (1990) Cryobiology 
27,247-268 
8. 	 Fulton AM and Bond DJ (1984) Molecular and General Genetics 197, 347-349 
9. 	 Hammerstedt RH and Graham J K (1992) Cryobiology 29,26-38 
10. Johnson, MH and Pickering SJ (1987) Development 100(2), 313-324. 
11. Jolivet-Gougeon A, David-Jobert 	S, Tamanai-Shacoori Z, Menard C and Cormier M 
(2000) Applied and Environmental Microbiology 66(12), 5484-5487 
12. Karran G and Legge M (1996) Human Reproduction 11(12),2681-2686 
13. Katkov II, Katkova N, Crister JK and Mazur P (1998) Cryobiology 37,325-338 
14. Kopeika EF 1982 Thesis (Ph.D.) 	 "Research ofprotective solutions effect on sturgeon fish 
sperm during cryopreservation" 1982, Kharkov (in Russian) 
15. Kopeika, EF, Neifakh AA and Zhukinsky VN (1994) Cryo-Ietters 15(4), 245-250 
16. Kopeika YuE, Grischenko VI, Kopeika EF, Linnik TP, Bibenko OV and Zintchenko AA 
(2002) Effect of DMSO and its decay products on spermatozoa and survival of loach 
(Misgurnusfossilis L.) embryos Problems ofCryobiology 4, 45-56. 
17. Kornilova SV, Leontyev VS, Shkorbatov AG, Blagoy YP, Kozlov AV and Grigoryev DN 
(1993) Problems ofcryobiology 4, 18-23 
18. Murata-Kamiya N, Kamiya H, Kaji 	Hand Kasai H. (2000) Mutation Research 468(2), 
173-182 
19. Naimushin AN, Quach N, Fujimoto BS and Schurr JM (2001) Biopolymers 58(2), 204­
217 
20. Neifakh, 	AA Weather loach Misgurnus fossilis. In: "Objects of biology of development. 
Problems of biology of development." (Astaurov, B.L., Detlaf, T.A. Ed.) pp.308-323. 
"Nauka", Moscow, 1975 580 p. 
21. Neifakh, AA and Lozovskaya' EP "Genes and Development of Organism." [in Russian] 
"Nauka", Moscow, 1984 192 P 
22. Polge C, Smith AU and Parkes AS (1949) Nature 164, 666 
23. Rammler D Hand Zaffaroni A 1967 (1967) Annals New York Academy ofScience 141(1), 
3-23 
24. Riddle 	 VM and Lorenz FW (1973) Biochemistry and Biophysics Research 
Communications 50, 27-34 
25. Robinson J and Engelborghs Y (1982) Journal ofBiological Chemistry 257,5367-5371 
26. Royere 	D, Hamamah S, Nicolle lC, Bathelemy C and Lansac 1 (1988) Gamet Research 
21(1),51-57. 
27. Sutovsky 	Pans Schatten G (2000) Paternal contributions to the mammalian zygote: 
fertilization after sperm-egg fusion International Review ofCytology 195,1-65. 
28. Swenberg JA, Barrow CS, Boreiko Cl, Heck HD, Levine Rl, Morgan KT and Starr TB 
(1983) Carcinogenesis 4(8), 945-52 
29. Tateno H, Wakayama T, Ward WS and Yanagimachi R (1998) Zygote 6, 233-238 
30. Van Buskirk JJ and Frisell WR. (1967) Biochimica et Biophysica Acta 143(2),292-8 
31. Velicelebi G and Sturtevant JM (1979) Biochemistry 18, 1180-1186 
32. Zalensky AO, 	 Tomilin NV, Zalenskaya lA, Teplitz RL and Bradbury EM (1997) 
Experimental Cellular Research 232(1) 29-41 
33. Sutovsky P and Schatten G (2000) International Review ofCytology 195, 1-65 
ELSEVIER 
Available online at www.sciencedirect.com 
SCIENCE@DIRECTO 
Theriogenology xxx (2003) xxx-xxx 
Theriogenology 
3 Effect of DNA repair inhibitor (3-aminobenzamide) 
4 on genetic stability of loach (Misgurnus fossilis) 
5 embryos derived from cryopreserved sperm 
6 Julia Kopeikaa, Eugeny Kopeikab , Tiantian Zhanga,*, 
7 David M. Rawsona , William V. Holf 
8 aLuton Institute of Research in the Applied Natural Sciences, University of Luton, 
9 The Spires, 2 Adelaide Street, Luton LUI 5DU, UK 
JO bInstitute for Problems of Cryobiology and Cryomedicine, National Academy of 
11 Science of Ukraine, 23 Pereyaslovskaya ul, Kharkov 61015, Ukraine 
12 CInstitute of Zoology, Zoological Society of London. 
13 Regent's Park, London NWI 4RY, UK 
14 Received 3 June 2003; received in revised form 3 September 2003; accepted 6 September 2003 
15 
16 Abstract 
17 
18 Semen cryopreservation is widely used in clinical medicine, agriculture, aquaculture and 
19 biomedical research, but it is an inefficient technique that induces extensive cytoplasmic damage 
20 and loss offertilising ability. Whether any genetic damage (i.e. DNA strand breakage or mutation) is 
21 also induced is still unclear. However, previous data has indicated that this is likely. The present study 
22 was designed to explore this possibility further by using inhibitors of the DNA repair system to block 
23 DNA repair in embryos derived from cryopreserved spermatozoa. If cryopreservation causes strand 
24 breaks in sperm DNA it might be expected that inhibition of a repair enzyme such as poly(ADP­
25 ribose) polymerase (PARP) would enhance any such negative effect of cryopreservation. To check 
26 this hypothesis 3-aminobenzamide (3-AB) was used as an inhibitor of PARP. Weather loach 
27 (Misgurnusfossilis) eggs were fertilised using cryopreserved as well as fresh spermatozoa. Embryos 
28 derived from cryopreserved spermatozoa were exposed to 10 mM 3-AB for 2 h after fertilisation. The 
29 experiments were carried out using 43,544 embryos from 5 females and 10 males. Embryo survival 
30 was evaluated at different stages until the hatching stage. Sperm cryopreservation significantly 
31 decreased embryo survival (53.6 ± 2.79% compared to 76.97 ± 2.79% of control; P < 0.01). The 
32 addition of 3-AB to the medium with embryos derived from cryopreserved sperm further decreased 
33 embryo survivalfrom 53.6 ± 2.79% to 46.1 ± 2.79% (P < 0.01) whereas there was no adverse effect 
34 of 3-AB exposed embryos derived from fresh sperm (76.97 ± 2.79% of control compared to 
35 74.8 ± 2.79% of control + 3-AB). The effect of 3-AB provides indirect evidence that cryopreserva­
• Corresponding author. Tel.: +44-1582-743-729; fax: +44-1582-743-730. 
E-mail address:tiantian.zhang@luton.ac.uk (T. Zhang). 
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36 tion might induce instability in sperm DNA, and that such damage can be repaired by the oocyte 

37 repair system after fertilisation. 

38 © 2003 Published by Elsevier Inc. 

39 
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41 survival 
42 
43 1. Introduction 
44 The integrity of sperm DNA is crucial for the accurate transmISSIOn of genetic 
45 information to future generations. DNA lesions in germ cells can lead to abortion, 
46 malformations, heritable disease and cancer. Most cells have several repair pathways 
47 to cope with the damage induced in their DNA. In contrast to most somatic cells, 
48 spermatozoa lack an effective DNA repair system [1]. However, some studies haveshown 
49 that genetic lesions induced by exposure to mutagen factors in sperm DNA of different 
50 species can be repaired in the fertilised egg during the period between the entry of the 
51 sperm into the egg cytoplasm and the beginning of the next S phase [2-7]. Although sperm 
52 cryopreservation is well established, it is still not clear whether cryopreservation has any 
53 effect on their genetic integrity. Clinical results do not reveal any dramatic biological 
54 hazards, but this may be due to the fact that the only criteria used to judge the sperm quality 
55 as "normal" were the capacity to fertilise and the lack of malformation at birth. Moreover 
56 small population samples make it more difficult to draw any firm conclusions with regard 
57 to genetic integrity. The "absence" of mutation is more often a reflection of the accuracy 
58 and sensitivity of the analytical technique. Although there is already evidence [8-11] of 
59 changes in genetic integrity and stability caused by low temperature technology it is still 
60 not clear whether these changes disturb embryo development. Arethey unavoidable and 
61 rare, and are they caused by the process of cryopreservation itself or as secondary events 
62 caused by changes in the physiology of cells? For example, it has been proposed [12] that 
63 an increase in intracellular calcium concentration, causedbycryopreservation, could raise 
64 the frequency of nuclear DNA breaks through endonuclease activation, together with the 
65 production of free radicals, which are known to be harmful. In the present study a fish 
66 species (weather loach) was used as an experimental model as this allowed us to generate 
67 and evaluate large numbers of embryos (more than 40,000 embryos). The study was based 
68 on the assumption that if cryopreservation affects the genetic integrity of spermatozoa, 
69 assuming their fertility is not compromised, the oocyte DNA repair system will be activated 
70 and reverse the deleterious genomic changes. In our previous study caffeine was used as an 
71 inhibitor of loach oocyte DNA repair system [13] under similar conditions. However, 
72 although caffeine has been widely used as an irihibitor of DNA repair system, it is also 
73 involved in many other cellular processes and contrary to our expectation, the addition of 
74 caffeine to the embryos derived from cryopreserved sperm significantly increased the 
75 survival of embryos. Although the increased embryo survival observed after treatment of 
76 caffeine may have useful applications,the possible involvement of caffeine in energy 
77 dependent pathway of oocyte has masked the effect on repair system. Therefore, it is 
78 necessary to study another DNA repair system inhibitor with a more specific target for the 
79 same experimental system. Two crucial factors have been taken into consideration in 
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80 choosing the inhibitor of the DNA repair system in the present study. The first is its mode of 
81 action and the second its ability to target particular elements of the DNA repair system 
82 which must be inhibited to register the expected effect. In the case of the study it was 
83 important to choose an essential component of the cascade of cellular reactions activated 
84 by DNA breakage. Preference was given to the poly(ADP-ribose) polymerase (pARP) 
85 since it is an essential component of the DNA repair system [14] and one of the l.)lost 
86 conservative enzymes of the repair system among phylogenetic ally different species 
87 [15,16]. Poly(ADP-ribose) polymerases have been found in mammals, avians, reptiles, 
88 amphibians and fishes [17] as well as in non-vertebrate organisms such as plants [18] and 
89 lower eukaryotes [19,20]. The primary structure of PARP shows a high level homology at 
90 the amino acid level between different species through evolution. The catalytic domain, in 
91 particular, is strictly conserved among vertebrates (100%) and highly conserved among all 
92 species (92%) [21]. Four chemical classes of inhibitors of PARP are known: nicotinaniides 
93 (such as 5-methylnocotinamide), methylxantines, thymidine and aromatic amides such as 
94 benzamides [22]. It has been shown [23] that all known PARP inhibitors including 3­
95 arninobenzamide (3-AB) also inhibit this enzyme in fish and because of it's high homology 
96 between species, 3-AB was used in the present study. Inhibition of the repair system was 
97 used as a tool to enhance any negative effects of cryopreservation. The survival of embryos 
98 derived from fresh and cryopreserved sperm was compared after treatment with 3-AB. 
99 Survival of embryos was evaluated before and after the 20th stage. The reason for the 
100 separate evaluation of embryo survival before and after the 20th stage has been given in 
101 detail in our previous study [13]. Briefly, mortality of embryos after .the 20th stage of 
102 development (20 h after fertilisation) was regarded as a failure of development, rather than 
103 fertilisation, because at this point all unfertilised eggs would have been discarded. 
104 Parthenogenetic eggs, which resemble the normal embryos, usually die within a few 
lOS hours offertilisation and with a very rare exception some of them can survive until the 19th 
106 stage at the latest [24]. When experimental conditions for all embryos remain consistent 
107 throughout the experiment, a decrease in embryonic survival in an experimental group after 
108 the 20th stage can be attributed to the condition of the spermatozoa, and possibly due to 
109 genome damage. 
11 0 2. Materials and methods 
III 2.1. Stimulation offish maturation 
112 All chemicals were purchased from Sigma,UK, unless stated otherwise. Weather loach 
113 (Misgurnusfossilis) were collected from the natural habitat of the river Severniy Donez in 
114 the Ukraine. Loach were maintained in incioor facilities according to procedures described 
115 by Neifakh and Lozovskaya [25]. Briefly, males and females were kept separately in 
116 hibernation close conditions (at 4 °C in the dark). Tap water aged for 3 days was used as 
117 tank water and tank water was changed daily. Three days before an experiment, males and 
118 females were moved to separate fish tanks and kept afterwards at 18°C under natural light 
119 conditions. No food was provided during this period. Seven females and 10 males were 
120 then treated with chorionic gonadotropin (Profasi) (Laboratories Serono SA, Switzerland) 
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121 (300 U per female and 100 U per male i.m.). Forty-three hours after the injection, when 
122 females could be easily stripped, 10 males were decapitated and the testes removed. Milts 
123 were homogenised avoiding contamination with urine, feces and blood. Five samples were 
124 prepared, each containing testicular material from two different males. Pooling has to be 
125 done to provide enough quantity of sperm for fertilisation of eggs from different females. 
126 2.2. Sperm preparation and cryopreservation 
127 Each sample of homogenised milt was suspended in 3.6 ml of extender (39 mM Tris­
128 base, 29 mM NaC!, 11 mM CaCI2, 2 mM NaHC03, 2 mM KCI, 139 mM mannitol, 24 roM 
129 sucrose, pH 8.1). A total of 25 Petri dishes were then prepared; 15 Petri dishes containing 
130 0.4 ml extender each and 10 Petri dishes containing 0.6 ml extender +20% (v/v) dimethyl 
131 sulfoxide (Me2SO). Equal volumes of milt suspension were mixed with the solutions 
132 described above in all 2S Petri dishes to give a total volume of 0.8 ml for the IS control 
133 samples and 1.2 ml for cryoprotectant treated samples (final concentration: 10%, v/v 
134 Me2S0). Higher volumes of cryopreserved sperm suspension were used to retain the motile 
135 sperm per egg ratio, because the motility of sperm after cryopreservation was S0-60% 
136 compared to 90% obtained from fresh sperm. All samples were kept at 4 DC for 30 min. Ten 
137 cryoprotectant treated sperm samples were then transferred into eppendorf tubes and 
138 frozen by lowering in the liquid nitrogen vapor and cooled from 4 to -IS °C at 2°C/min 
139 and from -15 to -70°C at 15-20 DC/min before immersion into liquid nitrogen. Freezing 
140 rate was controlled with a thermocouple and recorded by means of H-307 plotting. 
141 Thawing was carried out by placing the tubes into a water bath at 40°C for S s until 
142 the liquid phase appears and then in air at room temperature. 
143 2.3. Fertilisation and treatment of embryos 
144 Eggs were obtained from females using abdominal massage. Egg quality was assessed 
145 visually and only those of good quality (transparent, yellowish colour and without blood) 
146 were used in the experiments. Eggs from five females out of the seven injected were used 
147 for the experiment. Eggs from each female were allocated to one of five equal portions 
148 (approximately 2000 eggs in each portion) giving 25 portions in total. Eggs were fertilised 
149 by mixing 2000 eggs, 0.8 ml fresh or 1.2 ml cryopreserved sperm suspension and 5 ml of 
150 activating media (42 mM NaHC03) in Petri dishes. After fel1ilisation the embryos were 
151 treated in one of three ways: (a) 3 min after fertilisation the embryo solution was discarded 
152 in 20 dishes, 10 ml of tank water was added into five Petri dishes with embryos derived 
153 from fresh sperm and five Petri dishes with eJDbryos derived from cryopreserved sperm; (b) 
154 at the same time, 10 ml of 10 mM 3-AB in'tank water was added to the other five Petri 
155 dishes with embryos derived from fresh spenn and five Petri dishes with embryos derived 
156 from cryopreserved sperm; (c) the remaining five Petri dishes with embryos derived from 
157 fresh sperm were treated in a different way. Immediately after fertilisation (within 90 s) 
158 S.8 ml of 1.4% Me2S0 in tank water was added and subsequently discarded 3 min after 
159 fertilisation, being displaced by 10 ml of clean tank water. This treatment was used to 
160 determine the effect of Me2S0 on the eggs directly during fertilisation. Since fertilisation 
161 of eggs with cryopreserved sperm usually involves the addition of sperm suspension that 
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162 still contains cryoprotectant, it was necessary to check whether these small quantities of 
163 Me2S0 would effect the survival of embryos through an effect on eggs immediately after 
164 fertilisation. Two hours after fertilisation the solutions in all Petri dishes were replaced with 
165 clean tank water. All 25 samples were then divided equally into four parts, each consisting 
166 of approximately 500 embryos. Embryos were incubated at 21°C for 46 h until the 
167 hatching stage. 
168 2.4. Embryo viability assessment 
169 Embryo survival and development was assessed by visual inspection at the 10th, 20th, 
170 24th, 34th, 36th stage after fertilisation. The number of each stage is identical to the 
Table I 

Scheme of experiment on weather loach (Misgurnus fossilis) 

Number of Content of each Petri dishes Solution added 3 min 
treatment(s) used for fertilisation after fertilisation a 
I FSP'I + Eel 10 ml TW' 
2 FSP2 + E2 10ml TW 
3 FSP3 + E3 10mi TW 
4 FSP4 + E4 10ml TW 
5 FSP5 + E5 10m! TW 
6 FSP2 + EI lOml of 10 mM 3-ABf 
7 FSP3 + E2 10 ml of 10 mM 3-AB 
8 FSP4 + E3 10 ml of 10 mM 3-AB 
9 FSP5 + E4 10 ml of 10 mM 3-AB 
10 FSPI + E5 10 ml of 10 mM 3-AB 
11 FSP3 + EI 5.8 ml 1.379% MezSO£ 
12 FSP4 + E2 5.8 ml 1.379% Me2S0 
13 FSP5 + E3 5.8 ml 1.379% Me2S0 
14 FSPI + E4 5.8 ml 1.379% MezSO 
15 FSP2 + E5 5.8 ml 1.379% MezSO 
16 CSpd4 + EI 10ml TW 
17 CSP5 + E2 IOml TW 
18 CSPI + E3 IOml TW 
19 CSP2 + E4 IOml TW 
20 CSP3 + E5 10ml TW 
21 CSP5 + EI 10 ml of 10 mM 3-AB 
22 CSPI + E2 10 ml of 10 mM 3-AB 
23 CSP2 + E3 10 m1 of 10 mM 3-AB 
24 CSP3 + E4 10 ml of 10 mM 3-AB 
25 CSPI4 + E5 10 ml of 10 mM 3-AB 
aWith an exception for treatment NII-NI5. where the. 1.4% (w/v) Me2S0 was added immediately after 
fertilisation and was displaced by 10 ml of tank water in 3 min. 
bpSp: fresh sperm pools 1-5 (freshly extracted milt from two males mixed with extender). 
cE: eggs from females 1-5. 
dCSp: cryopreserved sperm pools 1-5. 
"TW: tank water. 
f3-AB : 3-aminobenzamide. 
gMe2SO: dimethyl sulfoxide. four replicates were used for each treatment. 
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171 number of hours of embryo development post-fertilisation until embryo development stage 
172 34. Stage 34 relates to 37 h of development and stage 36 relates to 46 h of development. 
173 More detailed explanation of this classification is described elsewhere [25]. Bathing 
174 medium was changed regularly after each inspection. Unfertilised eggs and dead embryos 
175 became opaque due to necrosis and were removed from the Petri dishes. The stage of 
176 embryo development was estimated under the microscope according to Neifakh and 
177 Lozovskaya [25]. Embryo survival was expressed in terms of percentage survival. The 
178 initial number of eggs was regarded as 100% until the 20th stage. After the 20th stage, 
179 embryonic survival was expressed in relation to the number of embryos still surviving at 
180 the 20th stage. 
181 2.5. Experimental design and statistical analysis 
182 In this study a multi-factorial design was applied (Table 1). Homogeneity of 
183 variances was confirmed to determine whether ANOVA assumptions were valid. A 
184 multi-factor ANOVA test was used to examine the differences between the mean values 
185 of embryo survival following different treatments and/or between different individuals 
186 (P < 0.05), P < 0.01 was also used when higher degree of significant level was fund 
187 between comparisons. If significant differences were shown, Duncan's multiple range 
188 tests were used post hoc to determine pairwise differences between treatments or/and 
\89 individuals (P < 0.05). The fit of the model with the data was checked with a normality 
190 test. 
191 3. Results 
192 3.1. Effects of cryopreservation and 3-AB 
193 The effects of cryopreservation and 3-AB treatment on embryo survival are given in 
194 Fig. la and b. ANOVA test showed a significant effectofdifferent treatments both before 
195 (F(4,174) = 159.484, P < 0.01) and after the 20th stage (F(4,257) = 71.035, P < 0.05). 
196 Further post hoc tests showed that cryopreservation of spermatozoa reduced embryonic 
197 survival significantly both before and after the 20th stage. Pairwise differences are 
198 indicated in the figures with different letters (Duncan, test, P < 0.05). Embryo survival 
199 decreased from 76.97 ± 2.79% in control to. 53.6 ± 2.79% for embryos derived from 
200 cryopreserved sperm before the 20th stage (Fig. 1a) and from 92.4 ± 0.87% to 
201 90.6 ± 0.87% after the 20th stage (Fig. 1 ?2: ":'hen treated with 3-AB, there were no 
202 significant differences in embryo survival when compared with controls both before and 
203 after the 20th stage for embryos derived fro.tn fresh sperm. However, the survival of 3-AB 
204 treated embryos derived from cryopreserved sperm was significantly lower than untreated 
205 embryos derived from cryopreserved sperm both before (46.1 ± 2.79% compared to 
206 53.6 ± 2.79%) and after the 20th. stage ($4.0 ± 0.8% compared to 90.6 ± 0.8%). It 
207 was also shown (Fig. 1a and b) th~t the pr~sence of Me2S0 in a low concentration in 
208 the media just after fertilisation didnotaffect survival after the 20th stage, although there 
209 was a decrease of survival ?eforethe29th stage. 
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Fig. I. Survival of weather loach embryos before (al and after (b) the 20th stage. Control: embryos derived from 
fresh sperm; con + Me2S0: embryos derived from fresh sperm equilibrated ill 1.5% (w/v) MezSO for 2 h added 
3 min after fertilisation; con + 3-AB: embryos derived from fresh sperm equilibrated in 10 mM 3-AB solution for 
2 h; cryo: embryos derived from cryopreserved sperm; cryo + 3-AB: emb!'Yos derived from cryopreserved sperm 
equilibrated in 10 mM 3·AB solution for 2 h. (a) The initial quantity of eggs is considered as 100%. (b) The quantity 
of eggs at 20th stage is considered as 100%. Each bar represents an average value of embryo survival at all stages 
either before or after the 20th stage. Significant pairwise differences are indicated by different letters (Duncan test, 
P < 0.05). 
210 3.2. Effect of individual males and females 
211 The effect of individual pools and females as sperm and egg donors on embryo survival 
212 was also investigated (Fig. 2a and b). Significant differences were observed both for males 
213 and females (ANOVA, P < 0.01). Before the 20th stage, the highest embryo survivals were 
214 obtained from females 1 and 2 (74.7 ± 2.8%.aI1d 6Q.8 ± 2.8%) and sperm pools 3 and 5 
215 (65.7 ± 2.8% and 67.4 ± 2.8%) and the lowestJtorn female 4 (51.7 ± 2.8%) and sperm 
216 pool I (59.3 ± 2.8%) (Fig. 2a and 3a). H0'f'e~er, after the 20th stage the highest survivals 
217 were observed for female 2 (95.2 ± 0.8%) a~dsperm samples 1 and 2 (92.6 ± 1.5% and 
218 92.9 ± 1.5 %) and the lowest parameters w~re obtained for the female 1 (86.1 ± 0.8%) and 
219 sperm samples 3-5 (89.0 ± 1.5%, 89}± 1.5% and 88.8 ± 1.5%) (Fig. 2b and 3b). 
220 3.3. Embryo survival at different deveiop ......mental stages 
>,'1, 
Embryo survival at different dt!~eloprrii:mtal stages was also analysed (Figs. 4 and 5). 
222 Survival both before and after the 20th stage decreased with embryo development, falling 
221 
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Fig. 2. Survival of weather loach embryos derived from different females before (a) and after (b) the 20th stage. 
The survival of embryos derived from each female is analysed considering.·~l types of treatments (control, 
con + 3-AB, con + MezSO. cryopreservation and cryopreservation + 3-AB). Each bar represents an average 
value of embryo survival at all stages either before or after the 20th stage; Significant pairwise differences are 
indicated by different letters (Duncan test, P < 0.05). . 
223 from 75.6 ± 1.78% at the 10th stage to 52.4 ± 1.78% by the 20th stage (Fig. 4a). The data 
224 revealed that the difference in survival of embryos treated in different ways appeared only 
225 from the 20th stage onwards (Fig. 4b). Embryo survival after the 20th stage also decreased 
226 with embryo development from 91.9 ± 0.7% at the 24th stage to 86.3 ± 0.7% at the 36th 
227 stage (Fig. 5). 
228 4. Discussion 
229 Genomic integrity is under constant threate~en in the physiological conditions. The 
230 range of possible changes in DNA under both normal and extreme conditions is quite 
231 varied (e.g. single- and double-strand breaks, chemically modified bases, abasic sites, 
232 bulky adducts, inter and intra-strand cross-links, and base-pairing mismatches). All of 
233 these have many direct and indirect effects' on cells and organisms and can result in 
234 mutation, genetic recombination, the inhibition or alteration of cellular processes, chro­
235 mosomal aberrations, tumorogenesis and cell death. To provide the integrity of the system 
236 under this diversity of threats there isa range of DNA repair processes. Repair processes in 
237 cells can be divided in three main groups: direct repair (in which abnormalities are 
THE 9102 1-13 
rrzsorn 
J. Kopeika et al.lTheriogenoiogy xxx (2003) xxx-xxx 9 
(a) Pool 1 Pool 2 Pool 3 Pool 4 PoolS 
(b) Pool 1 Pool 2 Pool 3 Pool 4 Pool 5 
Fig. 3. Survival of weather loach embryos derived from different sperm pools before (a) and after (b) the 20th 
stage. The survival of embryos derived from each pool is analysed considering all types of treatments (control, 
con + 3-AB, con + Me2S0, cryopreservation and cryopreservation + 3-AB).· Each bar represents an average 
value of embryo survival at all stages either before or after the 20th stage. Significant pairwise differences are 
indicated by different letters (Duncan test, P < 0.05). 
238 chemically reversed), recombinational repair (consisting of homologous and non-homo­
239 logous recombination) and excision repair (in which a section of the DNA strand 
240 containing an abnormality is removed and a repair patch is synthesised using the intact 
241 strand as a template). Although fish are widely used as model systems in studying effects of 
242 mutagens, carcinogens and other chemical and physicil factors [26], the information on 
243 their DNA repair system is quite limited. There is evidence in fish that they exhibit only a 
244 limited capacity for DNA repair [27]. However, all basic pathways of repair system have 
245 been proven to exist in fish [28,29] inc1udingtnepresence of PARP [23,30]. 
246 Inhibitors of the repair system are widely used iriexperimental models where the repair 
247 capacity of fertilised eggs needs to be studi~d: frev~ous studies have shown that the genetic 
248 lesions induced by exposure to chemicals or ionising radiation in sperm DNA can be 
249 repaired in the fertilised egg [6,7,31]. Vario~~Jypes of repair inhibitors with different 
250 modes of action are capable of altering the "incidence of chromosome aberrations induced 
251 in spermatozoa following different genetically toxic treatments. It was predicted that if 
252 cryopreservation causes a disturbance tot.he male genetic integrity then adding a repair 
253 system inhibitor to the embryos derived from cryopreserved spermatozoa would enhance 
254 the negative effect. If there is D9:,damage to the paternal genome, then the oocyte repair 
255 system will not be activated afteJ;Iertilisation and under these circumstances the addition of 
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Fig. 4. Survival of weather loach embryos at different developmental stages before the 20th stage following 
different types of treatments used in the experiment. (a) Combined data from all treatments used in the 
experiment and for all females and males. (b) Data from the five treatments used in the experiment. Control: 
embryos derived from fresh sperm; con +MezSO: embryos derived from fresh sperm equilibrated in 1.5% 
Me2S0 for 2 h added 3 min after fertilisation; con + 3-AB: embryos derived from fresh sperm were equilibrated 
in 10 mM 3-AB solution for 2 h; cryo: embryos derived from cryopreserved sperm; cryo + 3-AB: embryos 
derived from cryopreserved sperm were equilibrated in 10 mM 3-AB for 2 h. Significant pairwise differences are 
indicated by different letters (Duncan test, P < 0.05). 
256 the DNA repair system inhibitor should not influence the outcome. Our results showed that 
257 whilst there was no effect of 3-AB on the survival of embryos derived from fresh spenn, the 
258 post-fertilisation addition of 3-AB to the embryos derived from cryopreserved spermatozoa 
259 significantly decreased embryonic survival. 
24th stage 34th stage 36th stage 
Fig. 5. Survival of weather loach embryos at the different developmental stages after the 20th stage. Combined 
data from all treatments used in the experiment for all females and pools. 
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260 3-AB is known as a powerful inhibitor of PARP, but does not have profound metabolic 
261 effects in undamaged cells [22,32] and this was also confirmed by our present study. The 
262 chromatin-associated enzyme PARP is a protein that uses NAD as a substrate to catalyse 
263 the covalent transfer of the ADP-ribose to a variety of nuclear protein. PARP is required for 
264 cellular repair. While PARP is constitutively expressed in all proliferating and many non­
265 proliferating cells, its catalytic activity depends critically on the presence of single-strand 
266 or double-strand breaks in DNA [16,33], which are recognised by two zinc fingers within 
267 the amino-terminal DNA-binding domain of the enzyme. DNA-break binding causes the 
268 immediate and dramatic activation of the catalytic center residing in the carboxyl-terminal 
269 NAD+ -binding domain. It is suggested that the function for PARP is to act as a "seIlsor" 
270 for DNA breaks [34] in the context of cell cycle checkpoints. Although there is plenty of 
271 evidence of the importance and involvement of PARP in many biological processes, 
272 including differentiation, DNA replication, development, the response to DNA. damage, 
273 apoptosis and gene expression, the precise mechanism of PARP activity in the process of 
274 DNA repair and its inhibitors is still unknown [35]. The molecular details of the structure­
275 function relationship of genome and ADP-ribose polymer the product ofPARP activity are 
276 still poorly understood. It is possible that cryopreservation results in aiteratiQn of metabolic 
277 conditions to the chromatin of sperm, which consequently activates PARP in eggs fertilised 
278 with cryopreserved sperm. 
279 Significant differences between individual females in their influences on embryo 
280 survival have been identified in the present study and the findings are in agreement with 
281 our previous study [13]. The survival after the 20th stage is th~mainfocus of the present 
282 study. There are at least two possible maternal factors which could affect the survival of 
283 embryos after the 20th stage. The first is genetic constitution ofa female that might 
284 influence the quality of ova produced. The second lies in the females ability to cope with 
285 possible cryo-damage within the paternally contributed material. If this explanation is 
286 correct it would imply that different females may exhibit variability in the efficacy of their 
287 DNA repair systems and also that spermatozoa are vulnerable to genetic damage during 
288 cryopreservation. Although there is data in literature about maternal input in survival of 
289 embryos carrying paternally contributed genetic lesions and it dependent on female DNA 
290 repair system [36] as much as on intrinsic differenceS or genetic constitution, the data 
291 obtained in the present study does not allow us to differentiate the impact of the two 
292 different factors. It is clear that the female has a significant role on embryo survival under 
293 the present investigated system, but more studies are· needed to elucidate the mechanism of 
294 this phenomenon. The significant impact of different sperm pools on embryo survival after 
295 cryopreservation was observed in this study. In our previous research [13] the differences 
296 between sample pools were not significant.Jtis premature to draw any conclusions from 
297 this. Further studies are needed. 
298 The main analysis of sperm cryopreservationimpacts on embryo survival was mainly 
299 focussed on two post-gastrulation periods: the segmentational period, characterised by 
300 primary organogenesis (21st-32nd stages) and the pre-hatching period (33rd-37th stages). 
301 All species have stages of embryo development that are more critical than others and which 
302 are characterised by higher mortality. In our study the survival of embryos derived from 
303 fresh sperm was significantly lower at the 36th stage than that at the 24th stage. This is 
304 consistent with McGregor's obsetvation [37,38] that the survival of embryos at the 
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305 hatching stage is generally lower. Survival gradually decreases with the progression of 
306 embryo development. 
307 In conclusion, this study demonstrates that cryopreservation of spenn affects the future 
308 development of the embryos. The presence of the negative effect of 3-AB as an inhibitor of 
309 PARP suggests that cryopreservation of sperm might induce genetic damage that can be 
310 ameliorated by the DNA repair system of the egg. 
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Abstract 
Cryopreservation can cause changes to the genetic material of cells, but the mechanism and significance of these 
changes are still unknown, It has been suggested that some damage to the sperm genome could be repaired by the DNA 
repair system of the oocyte after fertilisation, Caffeine has been reported to be an inhibitor of such repair processes, In 
this study the effect of caffeine on the repair system of Loach (Misglll'nUS fossilis) oocytes was investigated, Loach eggs 
were fertilised using cryopreserved sperm, Embryos derived from cryopreserved sperm were exposed to 2,6 mM caffeine 
for 1 h after fertilisation, The experiments were carried out using 32,313 embryos from four females and eight males. 
Embryo survival was evaluated for 46h until the hatching stage, Reduction in embryo survival after 20th stage is 
generally believed to result from the failure in the genome function of embryos, Cryopreservation of sperm significantly 
decreased embryo survival (53.4 ± 2.8'Yo compared to 68.4 ± 2,8% of control) after the 20th stage, However. the ad­
dition of caffeine to the embryos derived from cryopreserved sperm, in contrast to our expectation. significantly in­
creased survival of loach embryos (70,9 ± 2.8% compared to 53.4 ± 2.8% of embryos derived from cryopreserved sperm 
in the absence of caITeine). The effect of individual donors of sperm and eggs on overall embryo survival was also 
studied. Whilst no significant differences were observed between males, the effect of individual females on embryo 
sllfvival was significant. The analysis of embryo survival at different developmental stages showed that embryo survival 
both before and after 20th stage decreased with embryo development. When fresh sperm were used the decline of 
embryo survival with development was more pronounced compared with those embryos derived from cryopreserved 
sperm, Possible explanations of these effects are presented. 
© 2002 Elsevier Science (USA), All rights reserved. 
KeYIi'ords: Loach (Misgumus fossilis); Sperm; Cryopreservation; Genome; Caffeine; Embryo survival 
A number of studies have presented evidence 
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In the case of human sperm it has been shown that 
the level of native DNA significantly decreased 
after cryopreservation possibly caused by changes 
in conformation and/or disturbance in DNA­
protamine interaction [10,22,25]. Changes in the 
physical characteristics of DNA as well as single 
strand breaks were demonstrated in carp sperm 
after cryopreservation [13]. Studies on the survival 
of androgenetically derived haploid carp embryos 
produced by fertilisation with X-ray inactivated 
oocytes and cryopreserved sperm showed that the 
embryonic mortality was significantly higher than 
those fertilised with fresh sperm [12,18]. When 
studying the effect of cryopreservation on genome 
integrity, it is important that both the nature of the 
damage is assessed directly and also its impact on 
further development and functioning of biological 
systems are evaluated. Some evidence has already 
emerged that changes in genetic material brought 
about by cryopreservation are inherited by off­
spring and their functional and physiological sta­
tus are affected. Dulioust [3] reported that there 
are significant differences in morphological and 
behavioural features of mice derived from fresh 
and cryopreserved embryos in a long-term study. 
Higher immunological reactivity was also ob­
served in young carp derived from cryopreserved 
sperm [27]. However, despite the potential signifi­
cance of the effect of cryopreservation on the ge­
nome of reproductive cells, reports in the literature 
on this topic have been limited. 
The changes in genetic apparatus of reproduc­
tive cells after cryopreservation are likely to be 
minor. It has been reported for many species that 
mature spermatozoa do not have a complete DNA 
repair system but that damage to sperm DNA can 
be repaired by the oocyte DNA repair system 
following fertilisation [1,24]. The aim of this study 
was to use an inhibitor of the oocyte DNA repair 
system to enhance the detection of cryopreserva­
tion effect on sperm DNA. Caffeine has been re­
ported to be an inhibitor of DNA repair system 
[28], and was therefore used in this study. Caffeine 
treatment usually enhances the negative effect of 
mutagenic agents such as UV-X-irradiation and 
various chemicals [6,16,20,24]. It was expected that 
the suppression of the DNA repair system would 
result in reduced embryo survival. The Weather 
loach (Misgurnlls fossilis) was chosen for this in­
vestigation as they are easy to maintain, fertilisa­
tion is external, large numbers of eggs can be 
obtained, observation of embryo development 
is easy and hatching occurs only 46-50 h after 
fertilisation. 
Evaluation of embryo survival provides a useful 
and natural endpoint indicator for investigation of 
fertilisation and early embryo development, and 
when an appropriate fish model is used a large 
number of embryos can be studied in a short period 
of time. In this study, mortality of embryos after 
the 20th stage of development was regarded as a 
failure of development rather than fertilisation, 
because at this point all unfertilised eggs would 
have been discarded. Parthenogenetic eggs that are 
capable of mimicking the normal embryos usually 
die in the first few hours of embryo development 
and with very rare exceptions some of them can 
survive until the 19th stage at the latest [19]. Since 
experimental conditions for all embryos remained 
consistent throughout the experiment, we presume 
that decrease in embryo survival in an experiment 
group after the 20th stage was as a result of the 
experimental treatment of the sperm, and possibly 
due to genome damage. The study of the survival of 
androgenetic haploid embryos of carp (Cuprinus 
carpio) obtained after fertilisation of X-ray inacti­
vated oocytes with cryopreserved sperm demon­
strated that the decrease in embryo survival at the 
end of gastrulation stage was caused by genetic 
failure of the cryopreserved sperm [12]. In loach, 
the end of gastrulation is at the 20th stage, and 
decreased embryo survival after the 20th stage was 
taken as indirect evidence of genetic failure. 
Materials and methods 
Stimulation offish maturation 
Weather loach (Misgurnus fossilis) were collected 
from the natural habitat of the river Severniy Donez 
in the Ukraine. Loach were maintained in indoor 
facilities according to procedures described by 
Neifakh [17]. Briefly, males and females were kept 
separately in hibernated conditions (at 4°C in the 
dark). Tap water aged for 3 days was used as tank 
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water and tank water was changed daily. Three days 
before an experiment, males and females were 
moved to separate fish tanks at 18°C under natural 
light conditions. No food was provided during this 
period. Seven females and 10 males were then in­
jected \vith chorionic gonadotropin (Profasi) (Lab­
oratories Serono SA, Switzerland) (300 U per 
female and 100 U per male). Forty-three hours after 
the injection, when females could be easily stripped, 
eight males were decapitated and the testes re­
moved. Milts were homogenised avoiding contam­
ination with urine, feces. and blood. Four samples 
were prepared, each containing testicular material 
from two different males. 
Spain preparation and cryopreservation 
Each sample of homogenised mill was sus­
pended in 3.6 ml of extender (39 mM Tris-b'lse, 
29 mM NaCl, 11 mM CaCI?, 2 mM NaHC03, 
2 m M KCl, 139 mM mannitol. 24 mM sucrose, pH 
8.1). A total of 16 petri dishes were then prepared 
with eight petri dishes containing 0.5 ml extender 
each and eight petri dishes containing 0.7 ml ex­
tender + 20'Yt) ME2SO. Samples of milt suspension 
were mixed with the equal volume of solutions 
described above in all 16 petri dishes to give a total 
volume of l.Oml for the eight control samples and 
1.4 ml for cryoprotectant treated samples (final 
concentration 10'1.) ME2SO). The larger yolume of 
cryoprotectant treated samples was needed to re­
tain the motile sperm per egg ratio after cryopres­
ervation. All samples were kept at 4°C for 30 min. 
Eight cryoprotectant treated sperm samples were 
then transferred into Eppendorf tubes and frozen 
in liquid nitrosen vapor from 4 to -15°C at a rate 
of 2°C/min, from -15 to -70°C at I 5-20 °C/min 
and then direct immersion into liquid nitrogen. 
Freezing rate \vas controlled with a thermocouple 
and recorded by means of H-307 plotting. Thawing 
was carried out by placing the tubes into a water 
bath at 40°C for 5 s and then in air. 
Fertilisation and treatment of embryos 
Eggs were obtained from females using ab­
dominal massage. Egg quality ,vas assessed visu­
ally and only those of good quality (transparent 
yellowish colour and without blood) were used in 
the experiments. Four equal portions of eggs were 
used from each female giving 16 portions in total 
(approximately 2000 eggs in each portion). Eggs 
were fertilised by mixing each portion with 1.0 ml 
fresh or 1.4 ml cryopreserved sperm suspension 
and 5 ml of activating media (42 mM NaHCO,) in 
petri dishes. Higher volumes of cryopreserved 
sperm suspension were used to retain motile sperm 
per egg ratio, because the motility of sperm after 
cryopreservation was 50-60'% compared to 9O°/.) 
obtained from fresh sperm. After fertilisation the 
embryos were treated in one of two ways: 90 s after 
fertilisation, 5 ml of tank water was added into 
four petri dishes with embryos derived from fresh 
sperm and four petri dishes with embryos derived 
from cryopreserved sperm; at the same time. 5 ml 
of 2.6 mM caffeine (Sigma, Poole, UK) in tank 
water was added to the remaining eight petri 
dishes. One hour after fertilisation the solutions in 
all petri dishes were replaced with tank water. All 
16 samples were then divided equally into four 
parts, each consisting of approximately 500 em­
bryos. Embryos were incubated at 21°C for 46 h 
until the hatching stage. A total 01'32,313 embryos 
were examined in this study. 
Emhryo t"inhiliry assessment 
Embryo survival and development was assessed 
by visual inspection at 6th, 14th, 20th, 25th, 28th, 
30th. 33rd, and 36th stages. Embryo water was 
changed after each inspection. Unfertilised eggs 
and dead embryos became opaque due to necrosis 
and were removed. The stage of embryo devel­
opment was estimated under the microscope ac­
cording to Neifakh [17]. Embryos were classified 
based on their development at 21°C. Each em­
bryo development stage has an ordinal number, 
which is identical to the hour of development after 
fertilisation until the 33rd stage. After this stage 
the number of embryo development stage and 
number of hours of development is no longer the 
same. For example, the 36th stage used in 
the present study relates to 46 h of development. 
The physiological periods of embryo development 
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for loach are: 0-3/4th zygote period; 1st-5th 
cleavage period; 6th-9th blastula period; 10th­
20th gastrulation; 2lst-32nd organogenesis; and 
33rd-37th pre-hatching. Embryo survival was 
evaluated in terms of percentage survival. The 
initial quantity of eggs was regarded as 100% until 
the 20th stage. After the 20th stage, the embryonic 
survival was expressed in relation to the number 
of embryos survived at the 20th stage. 
Experimental design and statistical analysis 
In this study a multifactorial design was applied 
(Table 1). Multifactor ANOVA test was used to 
examine the differences between the mean values of 
embryo survival following different treatments orl 
and between different individuals (p < 0.01). If 
significant differences were shown, Duncan's mul­
tiple range test was used post hoc to determine 
pairwise differences between treatments orland 
individuals (p < 0.05). The fit of the model \vith 
the data was checked with a normality test. Ho­
mogenity of variance was confirmed to determine 
if the ANOVA assumptions were valid. All sta­
tistical analysis were carried out using Statgraf 
(Statistical Graphics System Version 2.1, Statisti­
cal Graphics Corporation). 
Table I 
Scheme of experiment 
Number of treatment Contents 
Fresh sperm from pool I +eggs from female I 
2 Fresh sperm from pool 2 + eggs from female 2 
3 Fresh sperm from pool 3 + eggs from female 3 
4 Fresh sperm from pool 4 +eggs from female 4 
5 Fresh sperm from pool 4 +eggs from female 1 
6 Fresh sperm from pool I +eggs from female 2 
7 Fresh sperm from pool 2 +eggs from female 3 
8 Fresh sperm from pool 3 + eggs from female 4 
9 Cryopreserved sperm from pool 3 + egg from female I 
10 Cryopreserved sperm from pool 4 +egg from female 2 
II Cryopreserved sperm from pool I + egg from female 3 
12 Cryopreserved sperm from pool 2 +egg from female 4 
13 Cryopreserved sperm from pool 2 +egg from female I 
14 Cryopreserved sperm from pool 3 + egg from female 2 
15 Cryopreserved sperm from pool 4 + egg from female 3 
16 Cryopreserved sperm from pool 1+ egg from female 4 
F our replicates were used for each treatment. 
Results 
The effects of cryopreservation and caffeine 
The effects of cryopreservation and caffeine 
treatment on embryo survival are given in Figs. la 
and b. ANOVA test showed the significant effect 
of different treatments both before (F(3, 174) = 
48.390, p < 0.01) and after the 20th stage 
(F(3,270) = 52.618, p < 0.01). Post hoc test 
showed that cryopreservation of spermatozoa de­
creased the embryo survival significantly both be­
fore and after the 20th stage. Pairwise differences 
are indicated in figures with different letters 
(Duncan test, p < 0.05). Embryo survival de­
creased from 81.3 ± 3.7% in control to 60.4 ± 3.7% 
for embryos derived from cryopreserved sperm 
before the 20th stage (Fig. la) and from 68.4 ± 2.8 
to 53.4 ± 2.8% after the 20th stage (Fig. lb). When 
treated with caffeine, there were no significant 
differences in embryo survival before and after the 
20th stage for embryos derived from fresh sperm in 
the absence of caffeine. When caffeine-treated 
embryos were derived from cryopreserved sperm 
there were no significant differences in embryo 
survival before the 20th stage compare to un­
treated embryos derived from cryopreserved 
sperm. However, after the 20th stage, survival of 
Solution added 90 s after fertilisation 
10 ml clean tank water 
10 ml clean tank water 
10ml clean tank water 
10ml clean tank water 
IOml of 2.6mM caffeine 
10 ml of 2.6mM catTeine 
10 m1 of 2.6 mM caffeine 
10 ml of 2.6mM caffeine 
10 m1 clean tank water 
10 ml clean tank water 
10 ml clean tank water 
10 ml clean tank water 
IOml of 2.6mM caffeine 
IOml of 2.6mM caffeine 
10 m1 of 2.6 mM caffeine 
10 ml of 2.6mM caffeine 
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Fig. l. Survival of embryos before (a) and after (b) the 20th 
stage. Control-embryos derived from fresh sperm; con­
trol + caf-embryos derived from fresh sperm equilibrated in 
2.6 mM caffeine solution for 1h; cryo-embryos derived from 
cryopreserved sperm; cryo +caf--embryos derived from cryo­
preserved sperm equilibrated in 2.6mM caffeine for I h. In (a) 
the initial quantity of eggs is considered as 100%, in (b) the 
quantity of viable embryos at the 20th stage is considered as 
100%. Each bar represents an average value of embryo survival 
at all stages either before or after the 20th stage. Significant 
pairwise differences are indicated by different letters (Duncan 
test, p < 0.05). 
caffeine-treated embryos derived from cryopre­
served sperm increased significantly from 53.4 ± 
2.8 to 70.9 ± 2.8%. 
Effect of individual females 
The effect of individual males (data not pre­
sented) and females (Figs. 2a and b) as sperm and 
eggs donor on embryo survival was also investi­
gated. Whilst no significant differences were ob­
served between the individual sperm samples, the 
effect of individual females on embryo survival 
was significant (ANOVA, F(3,270) = 230.180, 
p < 0.01). For both before and after the 20th 
stage, the highest embryo survival was obtained 
from female 3 (79.2 ± 3.7 and 76.95 ± 2.7%) and 
(a) 
~ 100 
":!e b b 

1S 

~ 
80 c 

1:' 

.D 60 aE 
<l) 
'0 40 
> '" E 20 
::1 
en 0 
Female 1 Female 2 Female 3 Female 4 
(b) 
~ 100
.."::!? 
~ b b80~ 
1:' 
.0 60E 
OJ a 
'­0 40 
.~ '" 20C: 
a 0 

Female 1 Female 2 Female 3 Female 4 

Fig. 2. Survival of embryos derived from different females be­
fore (a) and after (b) the 20th stage. The survival of embryos 
derived from each female is shown, the values are the average 
survivals across all four treatments (control, control + caffeine, 
cryopreservation, and cryopreservation + caffeine). Each bar 
represents an average value of embryo survival at all stages 
either before or after the 20th stage. Significant pairwise dif­
ferences are indicated by different letters (Duncan test, 
p < 0.05). 
the lowest from female 1 (49 ± 3.7 and 43.3 ± 
2.7%). Embryo survival for female 4 was also 
significantly different from the other three fe­
males, and this difference became more prominent 
after the 20th stage. 
Embryo surrival at d?fJeI'ent developmental stages 
Embryo survivals at different embryo develop­
ment stages from fertilisation to hatching are 
presented in Fig. 3. Embryo survival decreased 
sharply for all experimental groups before the 20th 
stage. After this stage the decline of embryo sur­
vival continued although the slopes are less steep. 
Because of the large number of embryos used in 
this study, embryo survival was assessed mainly by 
visual inspection. It is therefore difficult to differ­
entiate unfertilised eggs and the failure of embryo 
development before the 20th stage. For this reason 
it was necessary to re-normalise embryo survival at 
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Embryo survivals both before and after the 20th 
stage are shown in Figs. 4 and 5 indicating a de­
creased survival as development progresses. Em­
bryo survival decreased from 94.3 ± 3.2% at the 
6th stage to 42.3 ± 3.2tl<, by the 20th stage (Fig. 
4a). Considering the interaction of the two factors 
treatment and embryo developmental stage, th~ 
difference in survival of embryos with different 
treatment only appeared from the 14th stage on­
wards (Fig, 4b), Embryo survival after the 20th 
stage also decreased with embryo development 
from 69.9 ± 3.1 % at 25th to 60.1 ± 3.1 % at the 
36th (Fig. Sa). Embryo survival at different de­
velopmental stages with different treatments is 
shown in Fig. Sb, When fresh sperm were used for 
fertilisation without caffeine, the decline of embryo 
survival with development was more pronounced 
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Fig. 5. SllI'\'jval of embryos at different developmental stages 
after th~ 10th stage. (a) Combined data frol11 ali treatments used 
in the experiment for all females. The quantity of embryos at 
the 20th stage is considered as 100':0, Significant pairwise dif­
ferences are indicated by different letters (Duncan test. 
p < 0.05), (b) Presented data from four treatments used in the 
experimellt. Control- embryos derived from fresh sperm; con­
trol + car embryos derived from fresh sperm were eq uilibrated 
in :'.6 mM caffeine s,)lution for 1 h; cryo-embryos derived from 
crYl1preserved sperm: cryo + car·embryos derived from cryop­
reserved sperm were equilibrated in 2.6 mM caffeine for I h. The 
quantity of embryos at the 20th stage is considered as 100%. 
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Fil( (, Sur\·i".al of embryos at ditTerent stages (after the 20th 
'Iag'~l dill<:rent types of treatments used in the ex­
PC'IIIll"'111 ('''l1twl embryos derJved from fresh sperm; con­
11"jl ,';11' emhryns (krived from fresh sperm equilibrated in 
:' (, III \1 ,:atr.:inl' ,,,lllli\)11 for 1; cryo embryos derived from 
L'!vnprc'scrwd sperm: cry" + cafembryos derived from cryop-
1""·lV.:<I \pcrm equilibrated in 2./imM calli:ine for 1h. The 
qll.mllt:> "mhry", at the 20th stage is considered as loory,). 
\\ hr.:n l:omparcd with those embryos derived from 
cryoprcscrved sperm. Embryo survival decreased 
signifil.'antly from 77.1 ± 4.6"/') and 72,0 ± 4.6% at 
tilt' 2~[h stage to 63.7 ± 4,m,. and 58.5 ± 4.6'Yt. at 
th~~ .~(\! h f(1r control and control + catTeine treat­
ment. r~'spcdi\'ely, Fig. 6 also shows that when 
u'ynprcscrved sperm were used, the pattern of 
emhryo survival decline was linear and there were 
IW significant dil1erences in embryo survival be­
tween the 25th and 36th stages. The addition of 
<.:a!l'rilll: tn embryos derived from cryopreserved 
sperm ir\i,:rc<lsed embryo survival significantly, al­
tlK1ugh the decline in survival was also linear with 
ny,l +catfeine treatment, the ditTerence in embryo 
sunival betv,:ecn the 25th and 36th stage became 
slgnilk:;.l!11 (I' .-::: 0.05) again. 
i)brussion 
1:'/11'<1 of crl'oprt's('/'('(/tiof/ alld c«tJdne 
The: results of embryo survival before the 20th 
indicate that cryoprcservation of sperm de­
cn:a'>cd the survival of embryos significantly. 
Adding catleine shortly after fertilisation to the 
m('dium \\lLil embrvos derived from cryopreserved 
,>perm did not lea(i to any signiticant changes of 
t'mbr\'() survival before the 20th stage. It is im­
ptlrt;;nt to note that caffeine has been shown to 
increase the fertilising ability of spernl through 
motility stimulation [14]. To eliminate this effect, 
in our experiments caffeine additions were made 90 
seconds after fertilisation, by which time most of 
the eggs would have been fertilised. Even if some 
stimulation of sperm motility occurred, by this 
tilue the eggs would have become less permeable to 
the stimulated sperm because of the cortical reac­
tion. Comparison of survival, up to the 20th stage, 
of control and control + caffeine treated embryos 
demonstrates that caffeine did not increase embryo 
survival by stimulating sperm motility (Fig. Ia). 
The observation that cryopreservation of sperm 
significantly decreased embryo survival after the 
20th stage provides indirect evidence of the etTect 
of cryopreservation on the genetic material of the 
sperm. Caffeine was used in our experiments be­
cause of its knmvn effect in enhancing of muta­
genic stresses caused by X-ray, ultraviolet light 
and some chemicals [6,7.26]. Since under certain 
conditions caffeine might itself be mutagenic 
[11,2)], it was important to ensure that the con­
een tration used in this study did not damage the 
genetic integrity of the embryos, This was con­
firmed \vhen no significant effect was found after 
the addition of caffeine to embryos derived from 
fresh sperm after the 20th stage (Fig. 1b). CatTeine 
concentration used in the present study was chosen 
based on the data from literature [23] as well as a 
range finding test of caffeine toxicity on embryo 
survival (data are not presented here). However, 
contrary to our expectations. the addition of caf­
feine to embryos derived from cryopreserved 
sperm increased embryo survival significantly ra­
t her than enhancing the negative effect of sperm 
cl-yopreservation. CatTeine has several effects on 
organisms and cells in culture including inhibition 
of DNA and protein synthesis [4]: interference 
with DNA repair mechanisms [28]: inhibition of 
enzyme induction [30] and increase of intracellular 
cyclic AMP levels [8.32). The effects vary with the 
dose anel time of exposure [II] to species or cell 
type [16.29]. Two possible explanations for the 
effect of caffeine in these experiments are put for­
\.vard. The first is based on the assumption that 
caffeine dl)CS involve in DNA repair processes. In 
these experiments caffeine may have inhibited 
some pathways of the embryo DNA repair system, 
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but the blocking of one part may have caused a 
compensatory reaction in an other part of the 
system resulting in hyperactivity of the whole 
s) stern [9J. The positive efleet of caffeine on em­
bryo sLlI'vi\ al ll1dY be due ttl increased recombi­
na t iPI1 as a eUIl:;cq L1cncc of a compensatory 
rC;tctillll (11' an homologous recombination path­
way IIp()!1 a pnssihk hlocked non-homologous 
cnd-jnining pathway by cafl'eine. The combination 
of cry()pre~en dtiPl1 and calkine treatments may 
h,\\c rC'llltl'd in ;Ill incrcas(.'d of embryo survival 
through I he nn olvement (It" a n,:cllmbination rcpair 
systeill. ('ryopresefvatH1ll and caffeine treatment 
tri~~l,nllt~! <'0111(' l"ep'lir pnK'csses that overeom­
pell~;\tcd hy rl'p:\irill~ IHl\ only (TYl)preServation 
d,llll;tFl' hill :Ih" a suhstantial amount of the 
,.pIlll!alll·tllhh \ ',·,·ulTin.t! damage as well. 
'1 hI.' ,n'\lild cxpl.\!1;t!io!l ~uppo"e" that the rcs­
~'lI:ni7 dk..:t was ~';IUSL'd hy a cascade of signaling 
CVL'nh llliliatcd by I,:!langes in the overall metabolic 
Ulna,,: s~ ,!\'m t hrtlugh sCl',)nd messengcrs such as 
(,\ andhlJ \.".\\11'. As it W~t, ~h\)\\!l recently [31], 
the sp<.:rm lL·,.p,Hbihk (\I! the illdul'tion of Ca:' 
\1~l'ill,11I\l!h dftt:i fcrtilisatiun, C'a" oscillations 
sen l.' ;I, intracellular Signals that t:all havc pro­
f(llmd dlc,-'h (Ill a i.:dlllldl" devdopmcnt and fune­
(i(lll.l her\.' ar'..' subqalltial differences in the pattern 
,.,1" C'l reka'l' III cgg' from dilTcrellt species [21J 
;!lld C\ell n!:l;"!" I.k,iatitlilS llny han: major efTccts 
,'11 llll' runll~'r gl\)\\th ami dcn:klpment of em­
hr:,," Al!hllugh tl1<.' trigger of Cae- ,lscilbtion in 
t'g~' \\;1, ldelltilkd recently 41-; the soluhk protein 
Il" ..:dlln [211. prim:!!) kl\.·aii"ed ill the sperm head. 
\ l'ry link l' kC, '\\!1 ahnul !l1Cdldnisl11 of this phe­
r,'\l1h:Il<l1l .1m! fUll,'\i,lllal purp,hC (If these oscilla­
!it\ll\. AI,>\. h Ill)!. known \\hat the effect ofi, 
I..T:-lll'rt"~'l\ali\ln \\tluld bt: on the spenn oscillin 
and (;t ll..,dllatilll1 ill e!,!l,':s fertilised by cryopre­
'>cn cd "I"1I..'rl11 \\\: can "peculate here. that if 
,·!)\'prc't'!"\.I' ,if sperm d"e" ctTect sperm us­
,!Ibn ;tilt! lil'! ld'h tht.;' pnll:ess ,d" egg adi\"<ttion, 
tl.Cll tlw rC\l"llllH! dlcc! tIt" catkine in this study 
cnuld (k' C\\lll1l..·I,:~ed with ('it:" . The known capa­
bilIty \11 ,:affeinc It) ioc!"l'a"'l' the !(!\'e! \\1' cA\1P and 
1,111\ nt" Ca {l.l,.:;.~l could \.'ompl.'nsate or rt.!storc 
th<.: pdl.ll'rn (If Ca"' presumably disturbed by 
l.:rynrrC:~L'nati()n. Tlw t.;'xal..'l m~chanism of Ca"' 
"\ci!i;!liml 1'!1 fmlher cmbr~'(' de\ch'pmcnt is not 
yet known, but there is evidence that ions of Ca2+ 
are involved in the regulation of many events in 
embryos including gene expression, DNA replica­
tion, DNA repair [2,5]. There is insufficient in­
formation available about the role of signal 
transduction mechanisms in fish oocytes, particu­
larly the possibility that the entry of spermatozoa 
sets up calcium oscillations that could be enhanced 
by cAMP/caffeine treatment. Hov,:ever, this \vill be 
the interesting area for future investigations. 
Effect of individual female 
Significant differences between individual fe­
males' influences on embryo survival were identi­
fied in this study. One reason for the significant 
difference between females might lie in their ability 
to cope with possible cryodamage within the pa­
ternally contributed material. If this explanation is 
correct it would imply that different females ex­
hibit variability in the efficacy of their DNA repair 
systems and also that spermatozoa are indeed ge­
netically damaged during cryopreservation. The 
genetic constitution of a female will also influence 
the quality of ova produced. To the best of our 
knowledge the effect of individual females on the 
survival of embryos derived from cryopreserved 
sperm is reported here for the first time. 
ElI1hryo slirriral at differenr stages 
The analysis of differences in embryo survival at 
different stages might give a clue to the reasons for 
increased embryo mortality at a particular stage. 
In the present study there were no significant dif­
ferences between different treatments in embryo 
survival up to the 6th stage. From the 14th stage 
onwards the significant differences in the survival 
of embryos derived from fresh or cryopreserved 
sperm were observed. The main analysis of sperm 
cryopreservation impacts on embryo survival was 
mainly focused on two post-gastrulation periods: 
the segmentationa1 period, characterised by pri­
mary organogenesis (21st-32nd stages) and the 
pre-hatching period (33rd-37th stages). All species 
have stages of embryo development that are more 
critical than others and are characterised by higher 
mortality. In our study the survival of embryos 
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derived from fresh sperm was significantly lower at 
the 36th stage than that at the 25th stage. This is 
consistent with McGregor's observation [IS] that 
the survival of embryos at the hatching stage is 
generally lower. However, this natural distribution 
of embryo survival at different stages was changed 
by cryopreservation and the survival of embryos 
derived from cryopreserved sperm was as low at 
the 25th stage as at the 36th stage. It is possible 
that sperm cryopreservation does not cause direct 
changes in the genetic structure, rather it causes 
changes in the genetic diversity in the sperm pop­
ulation of the cryopreserved ejaculate. The selec­
tive pressure of cryopreservation may well result in 
a more uniform sperm population, which in turn 
would bring a degree of homogeneity to the em­
bryo population with respect to their sensitivity to 
stress at different stages ot development. 
In conclusion, . this study demonstrates that 
cryopreservation of sperm affects the future de­
velopment of the embryo not only resulting in 
decreased embryo survival but also a change in the 
character of survival decline. Caffeine at a con­
centration of 2.6 mM has a rescue effect on the 
survival of embryos derived from cryopreserved 
sperm and the data suggest that a complex set of 
intracellular mechanisms might be responsible. 
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30 to 40'lc of the initial chole;;terol COlllen!. Lower conCen­
trations were ineffec·tive and higher conc'entrations induced 
agglutination. Spwn incubJtion with 5 m~l "'(:JeD saW­
r;.,~d with 0 . .'\75 mM choie;;lcrol (0.375 "mol chole;;­
t('r,;1110" 'PCn11Jt(lzoa. corre,ponding to 1.5 time;; the mc'm­
br:l1l~ cholt~,tcrol) induced a 200Q enrichment in membrane 
ci10icslerol. E\ery cnncentration test~d was efticicllt f,;r 
cb,lc,tcre;1 cllrkhment pl'Cl\'ided that :'-I,3CD W;h ;;urti­
ciemly ,aturated with ch,,!c,tere)1. Thu,. chole,terol from 
rainbow trout 'perrn:l!O/,oa can be e:t,ily manipulated \\ith 
~1,3CD. co.,trar} to what was lIb,,,ned pre\ iou,!y \\ ith lipo­
'elI11CS. The,e cholesterol manipulations ha\'c direct COlbC­
qUellCCS for membrane permeability to water: the ]cs, chl1­
le'tere;1. the more pameable. As for mell1br:lne \ iscosity. we 
llt>ened th:l( the hl\\ a the cholesterol. the lelwer the \i,CDS­
i'" Cnl1seguenccs f(lf sperm fcrtilil.ing ubility arter 
fre('J.c-thawing arc u!ll'lear :.tnd are Jjscu~:.,eJ with rt'g~!rd to 
the possibk e:\istence of ,ignul transductinn units ,uc'h as 
rafts. (Source of funding: In p:1l1 by an EC grant PRO­
COPE) 
55. 	 /JU/ircn [Iidena ofa Gellelic 1::t1"cl "1 Crwprcst"rl'll­
lioll Oil the Sperm of L(luch (,Ilis.lgllmll'> fo,\\'/i,,). 
Kopeika.1.. Zhang. T.. Kopeib. E.* Holt, W.t 
and Ra\\ >,;n. D. (LUl\ln Institute d' Research in tile 
Applied :\atural Sciences, t:ni\ersily of Luton. 
Luton. l'nited Kingdom: "Institute for Problems or 
Cryobioic'gy and Cry omedkine. :\aliona) Ac:rdemy 
of Ukraine. ul.Pereyaslll\',bya 23. I\:h;,rko\'. 
Ukraine: and fl:1stilute of Zoology. Z""logical So­
ciety of L,;ndon. Regents Park. Lond()n. l'niled 
Kingdom). 
The pmcess of 'i'enn IT)',,p;'escrvalion consists of se\'­
eral steps: equilibration of sperm in cryoprotl'ctant meJium. 
fre~ling of ~pl.?nn ll) ~:ltll('ro !eJl1pl?-r:ltun:~. :ow h?mpCr~lture 
stf)ragc, and \\"~lnning and thawing the ~pt:nn su:-.pensipn. It 
has been shown that cryopre>erv:Jtion can cause SOl11e dam­
age to the g~J1elic materi;]] of cells. although the mechanism 
:rnd significance of these cilJnges are still unknown. The 
aims of this work \\ere to slUdy the effect of equilibration 
and the freezing process on LO;]c'h >penn, using embryo sur­
\'i\ al as an indicator. Decrease in embryo survival after the 
~O·Jl 'tage is generally believed to result from failure in the 
genome fUtlction of embryos. fn the fir-a set of experiments. 
LOJch sperm "ere equilibrated in cryoj1rotectams: Me:SO. 
ethylene glycol. gl;cerol. methanol (0.6, 1.2,2.5 M) for 50 
min at 100e. The effect of cryoprotectant equilibration on 
Spert:l was e\aluated based on the sun'ival of embryos de­
ri\'cd from cryoprotecwnHreated ,perm. Embryo sun'ival 
was e\aluated at the following stages: 8. 20, 22. 30. 35, and 
37 h after fertilization. The results showed that all Stlldied 
,ryoprotectunts at COllcentrations greater than 1.2 ;\1 had a 
significant effect 011 the survival of the embryos after the 20­
h stage. The effect of glycerol was the most significant. \\ ith 
only 62.6 :!: 2,4% of the embryos surviving compared to 77 
llsing ;\I(':SO a, the cryoprotectJnt, lIas studied. Cryo­
pn~sef\'alion of ,perm significantly decreased embryo sur­
\ival (5.'\,4 ::: 2.7<7c comp:u('d to 63,4 :': 2.8<;:( of control, 
P < 0,01). These re,ulls demonstratC'J that ('\'en the initial 
stage of the I.Ty opresel'\'alioll process, such as equilibration 
of sperm in cr)'oprmedant. can be fi~,ponsibk for dlanges 
in genetic materials. The evidence of the detrimental et'i'eet 
(.f cryoprest'f\ ati(ln on genetic material obtained from the 
prc,q:nt ,tud) is indirect. and further ,ruJics ,;f the ('Iled ,'f 
I.:ryoprl"~en·.ltil'n on D':\A damage 10 tl:-.h r~proJl!l'!i\'e L'('lb 
are ~nder \\'ay. [Source of funding: None dc·dar,'d.) 
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56. Till! lill'i"bililY of Qllality (/l1d Cr\'(lrni,I/(IIl<1! I if' Fi,ltz 
SI'(,(,I/I<lt(l~(l(/. K(lpcib. E. F. {In,ritut;! for PrOD­
kms "r Cryobiology and Cry()rn~dicine of the 
:\~,ti(>n:" .\cad~J11y of Sciences of L~r;line. 2.~ 
PercYJ,la\ ,bya SIr.. 61 (j 15 I\:h:lrkov. Usaine). 
One of the 1110,t important factors 1'1'1' ,tl(xc-,sful spe'rm 
l·ryopresc,.",ation is the initial quality elf ,pcrmJloz\l:L The 
quality uf nati\e ,penn i, a \'arillbk p"ramder ihat cI;uld be 
affectc'd by many fJCilors. It is <,s,ential to unJe'r,tJnd that 
'lIcce" d' cryopresef\'ation depends (In the con,jiti(1ns of Ihe 
fr~L~/.ing prnt0col (cryopro!ecumts, frl!l?Ling :.mJ th~l\\'ill~ 
ratc" ;!te) "" \\dl as on factors affecting the initial qu:rlit) 
(of sperm. The btler inducle breeding. feeding, and 'pa\\ n­
ing c<'nditions, the means and time for ejaculate clllkction, 
and others. The aim of tl1:s work is to in\ cstig:Jle fac'tor:; that 
!1;]\'c crudal signif1cance for the quality and crYl'l'esi,lance 
of fish sperm. The changes in structural and functional cllJr­
aetcristics of fish s[,ermatOloa under Jift;;'rcilt spall l1illg 
conditions. a, \\ell as the dynamics of their l11;iluraliun. have 
beell studied using \'aritlus approtrdles. As a result of i;,,'cs­
tigation. the primary fadors affecting the quality and cryor.:­
sistance llftish spermatozoa from different geographic f", 
tions ha\'c been determined, It was the liN lime Ih.Jt 
dependence of cryorcsbtance on the cirl'adian ,.h) thms "f 
sperm quality WlS demonstrated. (Source of funding: None 
declared.) 
57. Cr) opresermtioll of DemembrmwleJ Sf'cr!11{110~Oa of 
CW1' (CYI'riIlIlS carpio). Dzuba, B .. and Cosson, 
J. * (Institute for Problems on Cryobiology and 
Cryomedicine of NJtional Academy of Scient:es of 
the l'kraine. Kharko\'. Ukraine: and *Labor~H,1r)' <'I' 
Cellular Biology, C:\RS, Villefranche sur 
france). 
The aim of this work is to study the cr),oresistance of the 
carp sperm flagellar apparatus. The model of "del11el11­
branated spermatozoa," as developed earlier, consistS of 
treating native carp spermatozoa with a mild detergent 
:!: 2.3% of controls (P < 0.01). fn the second set of experi­ (0,04'70 Triton X-lOO) in a solution (so-called demcmbrana­
ments the effect of the whole cycle of cryopreservation. tion medium. DM) which prescf\'es the potential for axone­ j l 
:~ 
